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ABSTRACT
Isometric tension was measured from rat fast twitch, 
extensor digitor-um (e.d.l.) and slow twitch, soleus muscle 
fibres in Krebs solution containing one tenth (16 mM) of the 
normal external chloride concentration. Direct electrical 
stimulation and potassium depolarisation were used to elicit 
contraction. Membrane potentials were measured using 
intracellular microelectrodes in separate experiments. 
Contraction thresholds were measured under voltage clamp 
conditions using a visual determination of contraction end 
point. Activation of contraction and steady state inactivation 
were measured using these two independent techniques.
Activation of contraction was at more negative membrane 
potentials in soleus than e.d.l. fibres. Inactivation of 
contraction occurred in soleus fibres with less depolarisation 
than in e.d.l.
In rats chronically treated with tri-iodothyronine (T3) 
for two weeks, the average twitch contraction time was reduced 
in soleus and e.d.l. fibre bundles, while the twitch decay time 
fell in soleus but increased in e.d.l. The average decay time 
of the fused tetanus and the twitch to tetanus ratio, decreased 
in both types of muscle.
Treatment with T3 for up to 8 weeks did not change the 
resting membrane potential of e.d.l. or soleus fibres in normal 
bathing solution, in solutions which reduced the chloride 
conductance of the fibre membrane, or in solutions with high 
potassium ion concentrations.
The voltage dependence of contraction in soleus fibres 
shifted to more positive potentials in animals treated with T3, 
and the steady state voltage dependence of inactivation was at 
more negative potentials. In contrast, contraction in e.d.l. 
muscles from T^-treated animals was activated at more negative 
potentials and inactivated at more positive potentials, so that
vi
e.d.l. behaved like a normal slow twitch muscle.
These findings showed that some but not all changes in 
excitation-contraction coupling were associated with changes in 
twitch contraction times.
The effect of diazepam on activation of contraction in 
soleus muscle/ and on the contractile properties of soleus and 
e.d.l. muscle bundles were investigated.
Resting membrane potential was not affected by up to 800 
uM diazepam. Twitch potentiation was greater in soleus than 
e.d.l. fibres, and in high concentrations of diazepam (> 400 
uM) was often followed by depression in both types of muscle. 
The time course of the twitch in e.d.l. was not appreciably 
altered by diazepam, but the rise and decay times of soleus 
muscles were increased in a dose dependent manner.
Single action potentials were not changed in less than 400 
uM diazepam, but use dependent block during tetanic stimulation 
was found in conentrations greater than 100 uM, which reduced 
the amplitude of tetanic contractions. The overshoot of the 
single action potential was reduced in concentrations of 
diazepam greater than 400 uM, and was responsible for 
depression of the twitch.
The tetanic decay time was prolonged by diazepam. The 
effect was greater in e.d.l. bundles than in soleus and is 
consistent with reduced calcium removal from the sarcoplasmic 
reticulum.
ro\/The contracture tension with depolarisations to -3|^ was 
reduced by about 13% in 100 uM to 400 uM diazepam in soleus 
fibres. A several fold increase in contracture tension was 
produced by small depolarisations to -54 mM and -40 mV. This 
change is consistent with the potentiation of the twitch in 
diazepam. Reduction of contraction threshold in diazepam was 
consistent with increased potassium contracture tension in 
response to depolarisations to
vii
-5 4 or -40 mV.
These results show that diazepam affects excitation- 
contraction coupling in a complex manner.
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1 EXCITATION-CONTRACTION COUPLING IN RAT FAST AND SLOW TWITCH 
SKELETAL MUSCLE
1.0 CONTRACTION IN STRIATED MUSCLE: A BRIEF OVERVIEW
The exact nature of the cellular processes responsible for 
excitation-contraction coupling in striated muscle has only
Islowly been elucidated. This is not surprising if the number 
of steps involved in the transduction processes that link 
electrical excitation of the surface membane to the initiation 
of contraction are considered.
In order to study excitation-contraction coupling, one 
should now in detail the processes involved and a brief review of 
key literature is given below. In this study, some aspects of 
the activation and inactivation of contraction in mammalian 
fast and slow twitch muscle will be examined.
1.1 THE SURFACE ACTION POTENTIAL
In vivo muscle contraction depends on the depolarisation 
as a result of the action of acetyl choline at the end plate 
which initiates an all or none action potential (Adrian, 1922) 
in the muscle surface membrane (Katz, 1948), of similar nature 
to the action potential of nerve axons (Hodgkin, 1951). 
Mammalian limb muscles and most other muscles in the mammalian 
body are composed of fibres which respond to depolarisation 
with action potentials in an all or none fashion. Some of the 
few exceptions are multiply innervated slow tonic fibres, in 
the extraocular muscles (Chiarandini, 1976) and the striated 
muscles of the upper digestive tract (Floyd, 1973; Fransen & 
Valembois, 1974).
1.2 CONDUCTION OF DEPOLARISATION INTO MUSCLE FIBRES--------------------------------- 1---------------------
Depolarisation of the surface membrane is conducted into 
the muscle fibre by a fine network of tubes (Huxley & Taylor, 
1958), which lie perpendicular to the surface membrane. These
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tubes, the transverse-tubules (T-tubules), are situated at each 
junction of the A and I bands in mammalian muscle fibres 
(Porter & Palade, 1957). Continuity of the T-tubules with the 
extracellular space was harder to prove in mammals (Walker & 
Schrodt, 1965) than in amphibia. Ionic lanthanum was used as a 
marker to show that the T-tubules in mammals were continuous 
with the extracellular space (Rayns, Simpson & Bertraud, 1968).
The importance of the T-tubules in transmitting 
depolarisation can be demonstrated with glycerol treatment 
which disconnects the T-tubules from the surface membrane. 
Glycerol treated fibres have apparently normal surface action 
potentials but fail to contract (Gage & Eisenberg, 1969). 
Depolarisation in the T-tubules is propagated by voltage 
dependent sodium conductance changes (Be—zanilla, Caputo, 
Gonzalez-Serratos & Venosa, 1973; Costantin, 1970; Costantin & 
Taylor, 1971).
1.3 COUPLING OF DEPOLARISATION TO THE SARCOPLASMIC RETICULUM
The steps following propagation of the action potential 
into the T-tubules are the least understood in excitation- 
contraction coupling. Depolarisation in the T-tubules causes 
the release of calcium from sacs (the sarcoplasmic reticulum), 
which span the sarcomere (the basic contraction unit) and abut 
from one T-tubule network to the next. Where these structures 
come into close opposition, feet (Franzini-Armstrong, 1970), 
pilars (Eisenberg & Eisenberg, 1982; Eisensberg & Gilai, 197^) 
or bridges (Franzini-Armstrong, 1980; Somlyo, 1979) have been 
described joining the T-tubule to the terminal section of the 
sarcoplasmic reticulum, i.e. the terminal cisternae, at regular 
intervals. This whole region is called the triad since three 
sets of structures meet, the T-tubules usually lying between 
two opposing terminal cisternae of the sarcoplasmic
reticulum.
The T-tubules are not electrically connected to the
3sarcoplasmic reticulum in resting muscle (Huxley, 1964; Page, 
1964). The most popular mechanism proposed for the coupling of 
T-tubule depolarisation to calcium release from the 
sarcoplasmic reticulum involves a charged protein (dipole) 
moving in the changing electric field as a result of tubular 
membrane depolarisation. The movement of a dipole can be 
detected as a non linear capacitance (asymetric charge 
movement,Adrian & Aimers, 1976; Adrian & Peres, 1979) and 
hypothetically causes a channel on the terminal cisternae to 
open via the connection of the feet or rods (Schneider & 
Chandler, 1973; Chandler, Rakowski & Schneider, 1976), thus 
releasing calcium into the myoplasm. An alternate model is 
based on the observation that the structure of the pillars 
appears to change when the fibre is activated (Eisenberg & 
Eisenberg, 1982; Eisenberg & Gilai, 1979). One hypothesis 
claims that the pillars are voltage dependent conductance 
channels, which in the open state allow an activator ion to 
move into the sarcoplasmic reticulum and trigger calcium 
release (Mathias, Levis & Eisenberg, 1980). This model 
requires that the sarcoplasmic reticulum be electrically 
compartmentalised. The model has yet to be conclusively tested 
in an experimental situation. However, conceptually it could 
produce currents that are similar to the asymmetric charge 
movement (Mathias, Levis & Eisenberg, 198o).
A third possible mechanism for the coupling of 
depolarisation involves a chemical messenger. Inositol 1,4,5- 
trisphosphate (IP3) is known to mediate the release of calcium 
from the endoplasmic reticulum in cells that respond to 
hormonal stimuli (Berridge & Irvine, 1984) and is strongly 
implicated in pharmacomechanical coupling in smooth muscle 
(Somlyo, Bond, Somlyo & Scarpa, 1985). Recent studies have 
suggested that IP3 has a role in initiation of calcium release 
from the sarcoplasmic reticulum in striated muscle (Delay, 
Vergara & Tsien, 1985; Donaldson, Nelson, Goldberg, Walseth &
4Huetteman, 1986; Vergara & Tsien, 1985), and increased 
intracellular amounts of IP3  in response to electrical 
stimulation has been detected (Asotra & Vergara 1986). However 
these studies have used physical application of IP3  to 
preparations to evoke contraction. The action of IP3  in this 
situation has been disputed (Ashley, Griffiths, Lea & Tregear, 
1985).
1.4 CALCIUM RELEASE FROM THE SARCOPLASMIC RETICULUM
In resting muscle calcium is stored in the terminal 
cisternae of the sarcoplasmic reticulum (Costantin, Franzini- 
Armstrong & Podolsky, 1965; Hasselbach, 1964; Winegrad, 1965) 
and is bound to a specific binding protein called calsequestrin 
(Meissner, Conner & Fleischer, 1973; Ikemoto, Nagy, Bhatnagar & 
Gergely, 1974). Once the sarcoplasmic reticulum has been 
stimulated, calcium is released from the terminal cisternae 
(Winegrad, 1970) by a process the mechanism of which is also 
poorly understood. Calcium ions themselves have been suggested 
as driving calcium release (Endo, 1968; Ford & Podolsky, 1968). 
Calcium release is not regenerative since tension is a smooth 
function of membrane potential (Costantin & Taylor, 1973; 
Hodgkin & Horowicz, 1960; Caputo 1972a & b), and calcium 
release measured using optical dyes is also a smooth function 
of membrane potential (Miledi, Parker & Schalow, 1977).
Calcium induced calcium release is only effective in 
physiological conditions when the internal calcium 
concentration is 10“  ^M (Endo, 1977), a concentration that 
almost saturates the calcium binding sites on the contractile 
filaments. Therefore calcium induced calcium release is 
probably not the usual mode of initiating release in striated 
muscle, although it may aid the maintainance of prolonged 
activation (Lüttgau & Spiecker, 1979).
Calcium release is most likely to be controlled by pores 
that allow the diffusion of calcium out of the sarcoplasmic
5reticulum. Calcium selective channels of high conductance have 
been found on sarcoplasmic reticulum vesicles. The open time 
of the channels was increased by adenosine triphosphate and
O xdecreased by Mg . Magnesium may be a physiological controlling 
substance for the channel, since ATP concentrations remain 
fairly constant in muscle during contraction (Smith, Coronado & 
Meissner, 1985). Proving that this channel or any other 
proposed structure is the pore that releases calcium will be 
difficult, since the nature of the stimulus that normally 
causes the release of calcium from the sarcoplasmic reticulum 
has not yet been elucidated.
The charge flux caused by calcium release from the 
sarcoplasmic reticulum is balanced by the counter flow of Mg ,
< r\ rcLK , and possibly protons and/^chloride ions. The sarcoplasmic 
reticulum membrane is permeable to the cations (Beeler, Farmen 
& Martonosi, 1981; Meissner, 1981; Meissner Sc Young, 1980; Ueno 
Sc Sekine, 1981a Sc b), and highly permeable to chloride ions 
(Martonosi Sc Beeler, 1983). Any proton exchange would be aided 
by carbonic anhydrase inside the sarcoplasmic reticulum (Bruns, 
Dermietzel Sc Gros, 1986). Electron X-ray micro-probe analysis 
of resting and activated fibres suggests little or no potential 
is developed across the sarcoplasmic reticulum membrane during 
calcium release, since calcium movement into the sarcoplasm is 
balanced by Mg^ and K movement into the sarcoplasmic 
reticulum (Somlyo, Gonzalez-Serratos, Shuman, McClellan Sc 
Somlyo, 1981).
1.5 ACTIVATION OF THE CONTRACTILE PROTEINS BY CALCIUM
Studies with calcium sensitive dyes such as aequorin, have 
proved without doubt that depolarisation of the surface 
membranes of striated muscle causes an increase in free 
myoplasmic calcium (Ashley Sc Ridgway, 1970; Blinks Rüdel Sc 
Taylor, 1978; Rüdel Sc Taylor, 1973). The mechanisms of calcium 
release from the sarcoplasmic reticulum are poorly understood
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as discussed above, but it is accepted that calcium ions 
initiate the contractile interactions of the myofilaments. 
Calcium binds to troponin (Ebashi, 1963; Ebashi Sc Kodama,
1965). Troponin changes its structure and permits a series of 
interactions between actin and myosin which ultimately leads to 
force development between myofilaments (Ebashi, 1980; Ebashi & Endo, 
1968; Huxley, Farugi, Bordas, Koch & Milch, 1980) and hence 
contraction of the muscle fibre.
1.6 TERMINATON OF CONTRACTION
Contraction ends when the surface membrane repolarises, 
calcium release ceases and calcium is removed from the 
myoplasm. Calcium unbinds from tropon—in and is removed from 
the myoplasm by the Ca-ATPase in the sarcoplasmic reticulum 
membrane. The calcium pump accumulates calcium into the 
longitudinal regions of the sarcoplasmic reticulum (Martonosi, 
1 9 8 3 )  and then returns it to the terminal cisternae by 
diffusion (Winegrad, 1 9 6 8 )  where it is finally reassociated 
with calsequestrin, ready for re-release. Parvalbumin, a 
calcium binding protein, present in the myoplasm of amphibian 
(Pechere, Derancourt & Haiech, 1 9 7 7 )  and mammalian fast twitch 
(Celio & Heizmann, 1 9 8 2 ;  Heizmann, Berchtold Sc Rowlerson, 1 9 8 2 )  
muscles also removes free calcium by buffering calcium ions 
until they are taken up by the sarcoplasmic reticulum (Baylor, 
Chandler Sc Marshall, 1 9 8 3 ;  Gillis, Thomason, Lefevre Sc 
Kretsinger, 1 9 8 2 ) .
Contraction spontaneously ceases during maintained 
depolarisation by a process termed contractile inactivation 
(Caputo, 1972a, b; Hodgkin Sc Horowicz, 1959; Heistracher Sc 
Hunt, 1969b; Lüttgau Sc Oetliker, 1968). Calcium concentration 
in the myoplasm decreases by an unknown mechanism. Contractile 
inactivation is discussed in more detail in the next sections.
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1.7 CONTRACTILE INACTIVATION
Tension increases, peaks and then decays during maintained 
depolarisation of the muscle fibre (Hodgkin & Horowicz, 1959). 
The spontaneous decay of tension is termed contractile 
inactivation. On repolarisation the fibre remains mechanically 
refractory for a short period before further contraction can be 
evoked (Heistracher & Hunt, 1969b; Hodgkin & Horowicz, 1960).
The mechanism of inactivation is different from relaxation 
at the cessation of depolarisation, since fibres can be made to 
contract sooner after relaxation on repolarisation, than after 
relaxation as a result of inactivation during maintained 
depolarisation (Lüttgau & Oetliker, 1968). In addition, 
relaxation on termination of stimulation is faster, with the 
rate of relaxation being largely independent of the 
repolarisation potential, in contrast to relaxation during 
inactivation, which is slower and voltage sensitive (Caputo & 
DeBolanos, 1979).
Both inactivation and normal relaxation are accompanied by 
a reduction of free myoplasmic calcium (Ashley & Ridgway, 1970; 
Blinks, Rüdel & Taylor, 1978; Miledi, Parker & Zhu, 1983). 
Contraction can still be elicited in inactivated fibres, by 
application of caffeine (Lüttgau & Oetliker, 1968). This 
observation argues against inactivation being due to calcium 
depletion.
1.8 ROLE OF EXTRACELLULAR CALCIUM IN EXCITATION-CONTRACTION 
COUPLING
The role of extracelluar calcium in contraction is not so 
clear. External calcium is not essential for voltage activated 
contraction, since fibres can contract in 10  ^M of external 
calcium (Armstrong, Bezanilla & Horowicz, 1972), and calcium 
transients can be recorded using optical means (Blinks, Rüdel & 
Taylor, 1978; Miledi, Parker & Schalow, 1977). Similarly 
contraction occurs in very high concentrations of EGTA, which
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buffers calcium in the restricted diffusion space of the T- 
tubules (Lüttgau & Spiecker, 1979), if membrane surface charge 
is restored with magnesium ions (Lüttgau, 1963). In low 
external calcium concentrations the calcium release transients 
during tetanic stimulation appear to be smaller than in normal 
calcium (Miledi, Parker & Schalow, 1977), and the tension 
produced by tetanus and potassium contractures is less than 
normal (Sönchez & Stefani, 1978; Cota & Stefani, 1981).
However, Spiecker, Melzer & Lütt^u (1979) found the tetanus 
amplitude to be preserved in the presence of 80 mM EGTA and the 
twitch to be reduced. The reduced twitch could be potentiated 
by the replacement of Cl- ions by SCN- ions. The light 
response to a 10 ms voltage clamp depolarisation was not 
reduced by low external calcium and it is possible that changes 
in the action potential was causing the reduced twitch 
contractions (Miledi, Parker & Schalow, 1977).
The independence of contraction resulting from brief 
stimuli and external calcium, discussed above, taken along with 
the requirement for external calcium for prolonged tension 
generation (Lüttgau & Spiecker, 1 9 7 9 ) ,  suggests that two 
components might contribute to muscle activation. One 
component is generated during rapid contractions, such as 
twitches, and is independent of external calcium, while the 
second component augments the first during maintained 
contractions and is sensitive to calcium current blockers and 
agonists (Ildefonse, Jacquemond, Rougier, Renaud, Fosset & 
Lazdunski, 1 9 8 5 ;  Eisenberg, McCarthy Sc Milton, 1 9 8 3 ;  Cota & 
Stefani, 1 9 8 1 ) .  It has been suggested that the second 
component is the voltage activated calcium current across the 
muscle membrane which has been observed in muscle fibres 
(Aimers, Fink Sc Palade, 1 9 8 1 ;  Bianchi & Shanes, 1 9 5 9 ;  Beaty & 
Stefani, 1 9 7 6 ) ,  and is localised in the T-tubules (Aimers, Fink 
& Palade, 1 9 8 1 ;  Nicola Siri, Sanchez Sc Stefani, 1 9 8 0 ) .
The function of the T-tubule calcium current is under
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dispute. Diltiazem, a calcium current antagonist blocks the 
calcium current but potentiates twitches, tetani and potassium 
contractures (Gonzalez-Serratos, Valle-Aguilera, Lanthrop & 
Garcia, 1982). In 10”  ^M of external calcium, potassium 
contracture time course, ampliutde, and inactivation kinetics, 
are preserved with nickel ions (Caputo, 1981), even though 
nickel ions block the muscle calcium channels and do not 
substitute for calcium ions (Aimers & Palade, 1981). 
Substitution of external calcium with cobalt has a similar 
action (Lorkovit & Rüdel, 1983). These results suggest that 
external divalent cations are necessary for maintained 
contraction, and it has been proposed that calcium, nickel and 
cobalt can delay the onset of inactivation, while just reducing 
calcium ion concentration accelerates inactivation (Bolanos, 
Caputo & Velaz, 1986; Lorkoviö Sc Rüdel, 1983; Lüttgau, 1979). 
The action of divalent cations is not simple because calcium 
ion substitution with barium, which is permeable through the 
calcium channel, results in more rapid inactivation (Bolanos, 
Caputo Sc Velaz, 1986).
1.9 THE ROLE OF ASYMMETRIC CHARGE MOVEMENT IN MECHANICAL 
INACTIVATION
Asymmetric charge movement, which is considered to be 
related to the coupling of T-tubule depolarisation to 
sarcoplasmic calcium release (Schneider Sc Chandler, 1973), is 
immobilsed after prolonged muscle depolarisation (Chandler, 
Rakowski Sc Schneider, 1976; Horowicz Sc Schneider, 1981). 
Recovery of charge movement from immobilisation is voltage 
dependent and follows a time course similar to mechanical 
repriming (Adrian, Chandler Sc Rakowski, 1976). Charge 
immobilisation may be responsible for contractile inactivation, 
but inactivation of intracellular calcium release, measured 
with calcium sensitive dyes, has a steeper voltage dependence 
and is at more hyperpolarised potentials than charge
10
immobilization (Rakowski, Best & James-Kracke, 1985).
1.10 TWO FACTORS INVOLVED IN MECHANICAL INACTIVATION
The relationship between membrane potential and external 
divalent cations (see secton 1.8) is complex. Gottschalk & 
Lüttgau (1985) have suggested that there are two factors 
contributing to inactivation. The first factor is charge 
immobilisation, which prevents the stimulus for calcium release 
from reaching the sarcoplasmic reticulum. The second factor is 
long lasting and is most evident when calcium concentration is 
low or calcium current through the T-tubules is blocked by 
calcium antagonists such as D600. Calcium depletion in the T- 
tubules during long depolarisation (Aimers, Fink & Palade,
1981), for example during potassium contractures, may be 
responsible for the second type of inactivation.
The exact mechanism or mechanisms contributing to 
contractile inactivation are yet to be defined. The strong 
temperature dependence of repriming and inactivation suggests 
that a metabolic process may be involved (Caputo, 1972a), and 
it is tempting to speculate that IP3 might be involved.
1.11 STUDIES OF EXCITATION-CONTRACTION IN MAMMALIAN MUSCLE
Most studies of excitation-contraction coupling have used
amphibian muscle preparations and the data discussed so far 
have mainly been obtained from such preparations, except where 
mammalian preparations are specifically mentioned. Fortunately 
most differences in excitation-contraction coupling between 
amphibian and mammalian muscle are quantitative rather than 
qualitative, so that data gained on one type of preparation can 
be extrapolated to the other. However some discrepancies need 
to be taken into account when comparing excitation-contraction 
coupling between mammals and amphibia, for example the location 
and size of the T-tubules in the sarcomere are different (eg. 
Peachey, 1965; Porter & Palade, 1957; Walker & Schrodt, 1965).
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Such disparities need to be considered when studying 
contractile activation in mammalian muscle since the techniques 
applied to amphibia are not always appropriate for mammalian 
preparations. In addition the higher chloride to potassium 
conductance ratio in the T-tubules of mammalian muscle make it 
necessary to use different solutions for inducing effective 
potassium contractures (compare Hodgkin & Horowicz, 1959 and 
Dulhunty, 1979).
1.12 GENERAL COMMENTS
Some of the steps of excitation-contraction coupling in 
isolated fractions of mammalian muscle fibres have been well 
examined (e.g. calcium uptake by the sarcoplasmic reticulum 
uptake, Martonosi & Beeler, 1983). However reductionistic 
techniques are yet to conclusively determine the nature of the 
signal transmitted to the sarcoplasmic reticulum by 
depolarisation in the T-tubules and the mode of calcium release 
from the sarcoplasmic reticulum. Lack of success in such 
investigations may be due to the need to maintain intact, the 
structures involved in these processes in order to preserve 
their function. Therefore, in the study of excitation- 
contraction coupling described below, contraction following 
membrane depolarisation was investigated in intact muscle 
fibres. Mechanical threshold was measured under voltage clamp 
conditions, the voltage dependence of tension was measured 
using potassium contracture techniques and twitches and tetani 
were evoked by external direct stimulation.
Investigations of excitation-contraction coupling in 
normal fast and slow twitch muscle of the rat are described in 
chapter two. Potassium contractures in mammalian muscles were 
used to measure contractile activation and inactivation. 
Contraction thresholds were also measured under voltage clamp 
conditions to confirm the results obtained with potassium
contractures.
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The effects of thyroid hormone on contractile properties 
and activation and inactivation of contraction in fast and slow 
twitch muscles are described in chapter three. The techniques 
used were the same as in chapter two, and membrane potential 
was also measured.
Chapter four describes the action of diazepam on 
excitation-contraction coupling, contractile properties and 
action potential generation. The drug could provide a useful 
tool for further studies on excitation-contraction coupling.
The investigations in this thesis look at the relationship 
between excitation-contraction coupling and contractile 
properties. The preparations used preserved the cellular 
system of contraction from surface depolarisation to tension 
development, in order to maintain the normal interactions 
between the component parts of the excitation-contraction 
coupling machinery.
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2 ACTIVATION AND INACTIVATION OF CONTRACTION IN SOLEUS AND 
EXTENSOR DIGITORUM LONGUS MUSCLE FIBRES FROM NORMAL RATS
2.1 INTRODUCTION
Excitation-contraction coupling was studied in rat 
extensor digitorum longus (e.d.l.) and soleus muscles. Earlier 
studies on mammalian muscle were carried out in a Krebs 
solutions containing normal concentrations of chloride ions 
(Anwyl, Bruton & McLoughlin, 1984; Dulhunty, 1980; Dulhunty, 
1982a; Dulhunty & Gage, 1983). These measurements may have 
been influenced by the high chloride conductance normally 
present in the T-tubule membrane/ which could reduce the 
voltage change across the junctions between the T-tubules and 
the terminal cisternae, and result in an overestimate of the 
change in membrane potential required to initiate contraction. 
In this study contraction thresholds were measured in a Krebs 
solution containing a low chloride ion concentration (solution 
A/ Table 2.1), in order to optimally control membrane 
potential.
Potassium contracture measurements were also performed in 
low chloride solutions, to obtain control tension values in the 
bundles of muscle fibres used for steady state inactivation 
experiments. Steady state inactivation in fast and slow twitch 
mammalian muscles has not been previously measured in detail. 
The two independent techniques of potassium contractures and 
contraction threshold measurement under voltage clamp were used 
to measure steady state inactivation.
2.2 METHODS
2.2.1 MUSCLE PREPARATION
Experiments were performed on extensor digitorum longus 
(e.d.l.) and soleus muscles of male Wistar rats 300 g to 400 g 
in weight. The rats were killed with a blow to the head and
T ab le  2 .1  S o l u t i o n s
S o l u t i o n  Na K Ca
N Normal 150 3 .5 2 .5
A C o n t r o l 80 .5 3 .5 7 .6
B 10K 190 10 7 .6
C 20K 180 20 7 .6
D 4 OK 160 40 7 .6
E 6 OK 140 60 7 .6
F 8 OK 120 80 7 .6
G 120K 80 120 7 .6
H 16 OK 40 160 7 .6
I 20 OK 0 200 7 .3
pH was a d j u s t e d
Cl s o 4 Sucrose G lucose TES
160 — - 11 2
16 4 2 .6 170 11 2
16 101 - 11 2
16 101 - 11 2
16 101 - 11 2
16 101 - 11 2
16 101 - 11 2
16 101 - 11 2
16 101 - 11 2
16 100 - 11 2
4 w i th 1 .0  M NaOH.
Mg
1
1
1
1
1
1
1
1
1
1
to  7
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weighed. Muscles were removed from the animals immediately 
after death and placed in a modified Krebs solution containing 
16 mM chloride (solution A, see Table 2.1) at room temperature. 
Thin sheets 3 to 5 fibres thick were dissected from the muscles 
for microelectrode studies, or small bundles of 5 to 15 fibres 
were used for potassium contracture experiments. Preparations 
were kept in the Krebs solution for at least 50 minutes before 
experiments commenced, to allow equilibration with the low 
chloride solution.
2.2.2 BATHING SOLUTIONS
The solutions used for studying excitation-contraction 
coupling contained a constant chloride concentration of 16 mM 
(solutions A to I, Table 2.1). The low external chloride 
concentration reduced the effects of the high chloride 
permeability in the T-tubules (Dulhunty, 1979) on the rate of 
depolarization in high potassium solutions during potassium 
contractures and gave better control of the potential across 
the muscle membrane during voltage clamp steps. It is 
especially important to control the potential across the T- 
tubule membrane, because this is where membrane potential 
controls contraction (Huxley & Taylor, 1958). Solutions 
containing a constant [K+] and [Cl-] product (Hodgkin & 
Horowicz, 1960) were not effective in achieving these goals in 
mammalian muscle fibres (Dulhunty, 1978; Dulhunty, 1979; 
Dulhunty & Gage, 1985).
Sulphate was used as a non permeant anion substitute for 
chloride in solutions A to I (Table 2.1). The calcium 
concentration was raised to 7.6 mM because of the low 
dissociation constant of CaSO^ (Hodgkin & Horowicz, 195 ), and 
was equivalent to a free calcium concentration of 2.3 mM (Dani, 
Sanchez & Hille, 1983). The concentration of Na2SO^ was 
adjusted so that the control solution had the same ionic 
strength as the normal Krebs solution (solution N, Table 2.1)
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and the tonicity of the control solution was increased with 
sucrose to equal the tonicity of the high potassium solutions/ 
which had an osmotic strength 10% above normal Krebs solution. 
The high osmotic strength was necessary since the 200 mM 
solution used to obtain a maximal potassium contracture was 
slightly hypertonic. TES (N-tris-(hydroxymethyl)-methy1-2- 
amino-ethanesulphonic acid) was used because it is a strong 
buffer and better able to maintain pH during experiments (Good, 
Winget, Winter, Conolly, Izawa & Singh, 1966). All experiments 
were carried out at 21+2°C. For contraction experiments, 
temperature in the bath, and of the solutions flowing into the 
bath, were maintained by temperature controlled water jackets. 
The temperature in the bath was monitored directly with a 
thermistor probe.
In some experiments, described in chapter 3, a solution 
with normal chloride concentration (160 mM) was used. This 
solution is referred to as normal Krebs (solution N, Table 
2 .1) .
2.2.3 INTRACELLULAR MICROELECTRQDES AND VOLTAGE CLAMP SYSTEM
Standard intracellular gtass microelectrodes filled with 2 
M KC1 (resistances of 3-6 Mohm) were used to point voltage 
clamp single muscle fibres. Potential was measured relative to 
a third microelectrode placed in the external solution within 
80 urn of the potential measuring electrode. High input 
impedance voltage followers (built in the University of Sydney, 
Department of Physiology electronics workshop) were used to 
amplify the signals from the voltage recording electrodes. 
Capacitance neutralization was set for critical response 
(maximum bandwidth without excessive overshoot) using a voltage 
step on the intracellular recording electrode. Neutralization 
was not used for the reference electrode since this tended to 
make the clamp unstable at high gains.
The differential voltage signals were subtracted and
Figure 2.1 Voltage clamp setup used to measure contraction
threshold. The potential inside the muscle fibre was measured 
using the Vin electrode and a unity gain voltage follower with 
capacitance neutralization. The potential in the bathing 
solution close to the voltage recording electrode was monitored 
with a reference glass microelectrode (Vref). Its unity gain 
voltage follower had a voltage offset control to null the 
potential difference between Vin and Vref when both electrodes 
were in the bathing solution. The transmembrane potential 
(Vmemb) was obtained by subtracting Vref from Vin using a 
differential amplifier (integrated (i.c.) circuits LM353 & 
LM351). A summing amplifier (LM356) added the membrane 
potential to the direct current (D.C.) command potential and 
the pulse command potential. The clamp gain was controlled by 
a 200 Kohm potentiometer in the feedback path of the LM356. A 
current passing electrode (Iin) was driven by a 10X gain 
voltage amplifier (LM357). Current passed was measured by a 
current to voltage converter (CA3140). The unclamped membrane 
potential could be recorded from the Vmemb point with the clamp 
switch in the off position. A compound microscope, video 
camera and T.V. monitor setup (represented as a 40X objective) 
was used to observe sarcomere shortening in the muscle fibre.
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inverted in an instrumentation amplifier and the output 
subtracted from a command potential in a differential 
amplifier. The resulting error signal was passed through a 
variable gain (0.1-2000 V/V) voltage amplifier and applied to 
the current passing electrode via a chloride coated silver 
wire. The 10% to 90% response time of the voltage clamp set up 
was less than 100 us. The command potentials were bandwidth 
limited by an RC filter with a time constant of 400 us. This 
procedure improved stability by ensuring that the bandwidth of 
the command pulse was less than the bandwidth of the clamp 
system (Cherry & Hooper, 1968). The voltage clamp is severely 
slowed by the large distributed capacitance of the T-tubulesf 
which forms part of the feedback path. The indifferent 
electrode was made from a chloride coated, tightly spiralled 
silver wire, which was attached to a virtual earth current to 
voltage converter (100 mV/uA, T = 30 us). (See Figure 2.1 for 
an outline of the voltage clamp system).
The voltage and current signals were always displayed on 
an oscilloscope, and the output of the operational amplifier 
driving the current passing electrode was monitored by an 
overdrive detector with an audible alarm (see section 2.2.11.1) 
set to trigger if the voltage exceeded +12.5 V. This setup 
ensured that the voltage clamp was stable and did not saturate. 
The audible alarm permitted close visual attention to be 
focussed on a video monitor to observe contraction threshold 
(see section 2.2.8).
2.2.4 MEMBRANE POTENTIAL MEASUREMENTS
Membrane potentials in the high potassium solutions were 
measured from thin sheets of soleus or e.d.l. fibres in a bath 
similar to that used to record contraction threshold (see 
section 2.2.8). Membrane potentials were measured with a glass 
microelectrode of 5 to 8 Mohm resistance. Fibres were impaled 
only once in order to avoid low membrane potentials in damaged
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fibres. Control membrane potentials were measured in at least 
six fibres maintained in solution A (Table 2.1) before the 
solution was replaced with a high potassium solution (solutions 
B to I, Table 2.1). The membrane potential was measured within 
20 to 180 seconds after the solution change and the preparation 
returned to the control solution. Recovery of normal resting 
potential took as long as 20 to 40 minutes after removal of the 
high potassium solution. The slow recovery was attributed to 
the time required for potassium to move out of the T-tubules. 
Once control potentials were re-established, the fibres were 
exposed to other high potassium solutions. The sheets of 
fibres were frequently exposed to up to six high potassium 
concentrations with full recovery.
Membrane potential during the protocol followed in 
inactivation experiments (see section 2.2.7) was assessed in a 
similar manner to that described above. Potentials were 
recorded from fibres in the control solution, a conditioning 
solution and then the test solution (normally 200 mM potassium, 
Table 2.1). The measurements were obtained immediately after 
each solution was flushed into the bath. The fibres were then 
returned to the normal potassium solution (solution A, Table 
2.1) until the membrane potential recovered to control values.
2.2.5 ISOMETRIC TENSION RECORDING
Bundles of fibres were mounted horizontally in a narrow 
small volume bath (0.5 ml), in which the bathing solution could 
be rapidly exchanged at a rate of flow of 3 ml/s. The tendon 
at one end of the bundle was held by a small clamp and the 
other end attached to a semiconductor strain gauge transducer 
(AME Horton AE87) with a small stiff wire loop. The strain 
gauge was connected to a bridge amplifier and isometric tension 
was displayed on an oscilloscope. The signal from the strain 
gauge was further amplified and filtered with a 4th order 
Bessel filter (f_3db 330 Hz for soleus or 660 Hz for e.d.l.
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data). For permanent storage and later analysis the signal was 
digitized and stored on floppy discs using a Christlin 
Industries CI-ll/23 AC computer. Tension was also recorded 
with a chart recorder (Hewlett Packard 7402A).
2.2.6 TWITCH AND TETANIC CONTRACTIONS
The bundles of fibres were directly stimulated via two 
large platinum bar electrodes on either side of the bath, 
connected to a Grass Isolated Stimulater. Pulse duration was 
0.5 to 1.5 ms and the strength was set to about 1.5 times that 
required to produce maximum isometric tetanic tension. The 
stimulus strength was frequently checked during the 
experiments. The length of the bundles was adjusted for 
maximum tetanic force. Tetanic contractions were elicited by 
90 Hz trains of pulses, which were maintained until the force 
reached a plateau, usually in 0.8 to 1.5 s for soleus and 0.2 
to 0.7 s for e.d.l. This protocol gave a fused tetanus in 
soleus and e.d.l. Twitch contractions were evoked every 10 s 
and a tetanus evoked every five minutes to maintain steady 
state tension responses. This protocol contrasted with that 
required to preserve steady state contractions in amphibian 
muscle fibres (see Burchfield & Rail, 1986).
2.2.7 POTASSIUM CONTRACTURES
Potassium contractures were induced by rapidly flowing a 
solution with a high potassium concentration (10 to 200 mM, 
solutions B to I, Table 2.1) through the bath. The high 
potassium solution was washed out of the bath as soon as the 
contracture tension had reached a plateau, in order to avoid 
prolonged recovery due to strong mechanical inactivation. 
Twitches and tetani were recorded before and after the 
potassium contracture, and the twitch and tetanus tension used 
to monitor recovery from mechanical inactivation during the 
contracture. Further contractures were not elicited until the
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tetanus had recovered to a constant amplitude and was at least 
90% of the pre-contracture level. Contracture tension was 
normalized to the peak tetanic tension recorded immediately 
before the application of the high potassium concentration 
solution. Bundles in which tetanic tension did not recover to 
control amplitude after contractures were discarded.
Steady state inactivation of contraction was measured 
using a three step protocol. A test contracture was obtained 
using a high potassium concentration, normally 200 mM, that 
would later be used to probe for inactivation. Recovery was 
allowed in control solution (solution A, Table 2.1, [K]=3.5
mM) . Next the bundle was exposed to a conditioning solution 
containing a potassium concentration between 10 and 160 mM. 
After contraction tension peaked, mechanical inactivation 
usually abolished active tension totally. In two and a half 
minutes for e.d.l. or three minutes for soleus bundles, the 
potassium concentration was raised directly from the 
conditioning level to the test concentration (200 mM). When 
peak tension had been attained to the test potassium 
concentration, control solution was again flushed through the 
bath. Finally, when the bundle had again recovered, a third 
test contracture was elicited. The ratio of the test 
contracture tension in the conditioning potassium concentration 
to the average of the tension of the test contractures applied 
before conditioning and after recovery from the conditioning 
depolarisation was used as an index of inactivation. This 
procedure ensured that any run down of the bundle that occurred 
with time did not distort the measurement of inactivation.
2.2.8 CONTRACTION THRESHOLD MEASUREMENTS USING VOLTAGE CLAMP
Contraction thresholds were measured visually as described 
in Adrian, Chandler & Hodgkin (1969). Tetrodotoxin (Sankyo) 5 
X 10"7 g/ml was added to solution A (Tale 2.1) to block 
activation of the voltage dependent sodium channels in the
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muscle membrane, especially in regions away from the area in 
which membrane potential was controlled by the voltage clamp.
The sheets of muscle fibres were pinned out on a silicone 
rubber (Sylgard, Dow Corning) lined bath by the tendons and 
connective tissue at a length to give a sarcomere spacing of 
2.9 to 3.1 urn. Single muscle fibres were point voltage clamped 
at a holding potential of-80 mV. The voltage recording and 
current passing electrodes were placed approximately 50 to 100 
urn apart on opposite edges of the fibre in order to minimize 
the recording of spurious potentials from the three dimensional 
effects of current flow around the current passing electrode 
(Eisenberg & Johnston, 1970). The electrodes were inserted 
from either side of the objective at an angle of about 30° from 
horizontal using micro-manipulators (MM33 Narashige). This 
configuration minimized meniscus formation, which interfered 
with the optical system, especially when low bathing solution 
levels were used to reduce capacitative coupling during voltage 
clamp experiments. Rectangular test pulses were applied to the 
fibres. The amplitude was controlled manually with a Neurolog 
Pulse Buffer (NL510). Pulse duration was controlled by a 
microprocessor timer (see section 2.2.11.2). This device was 
designed and built in order to provide pulses with accurate 
preset durations (error < 0.01%) and allow the duration of the 
pulses to be changed rapidly.
Sarcomeres between the voltage and current passing 
electrodes were observed with a compound microscope, Zeiss 
Standard 14, using an air objective (32 X objective NA 0.4 
Olympus) and a 16 X 12.5 mm working distance eye piece (Zeiss). 
A high resolution (800 lines per inch) video camera (WV-1800/B 
Panasonic) was attached to a phototube on the microscope and 
the image viewed on a monitor (WV-5410E/A National). The 
microscope and objective were earthed and provided an adequate 
shield between the voltage recording and current passing 
electrodes for stable voltage clamping. The optical system was
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calibrated with a stage micrometer and gave a total 
magnification of 1000 times.
Contraction was observed on the edge of the fibres as 
shortening of sarcomeres. Z-lines and M-lines could be 
resolved. A ruled grid was placed over the monitor screen to 
aid the detection of movement, especially the slow contractions 
stimulated by long duration pulses (>240 ms). The pulse 
repetition rate was longer than 5 seconds and avoided 
interaction kebween pulses. Pulse amplitude was then increased 
in small steps until contraction could be observed. The pulse 
was reduced until contraction just stopped. The absolute 
voltage of the pulse was measured using a gated peak detector, 
which displayed the potential on a digital voltage meter. The 
accuracy of this system was better than 0.5 mV for pulse 
durations from 0.5 ms to 4 s. The holding current was 
monitored and cells which required more than 100 nA of current 
to maintain a holding potential of-80 mV were rejected. Fibres 
were also rejected if the threshold to a given pulse duration 
differed by more than 1 mV between the start and end of a 
recording.
2.2.9 VOLTAGE DEPENDENCE OF CONTRACTION THRESHOLD
The voltage dependence of contraction threshold was 
measured using the apparatus described in the previous section. 
Fibres were initially clamped to -80 mV and the threshold for a 
15 ms pulse determined. A 15 ms test pulse of this duration 
was used because it gave a rapid, easily detectable contraction 
and was long enough to provide good control of the potential 
across the membrane of the T-tubules. The threshold was 
repeatedly checked over several minutes. Once it was stable 
the holding potential was depolarized by 10 mV and thresholds 
monitored every 30 seconds until it was stable again. It was 
necessary to change the holding potential slowly (about 0.5 
mV/s), when the potentials were more depolarized than -40 mV,
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in order to avoid strong contraction near the intracellular 
electrodes, which could have damaged the fibre membrane. In 
the same range of holding potentials, sarcomere shortening had 
to be observed carefully because contractions distant from the 
region of membrane under voltage control caused spurious 
movement near the electrodes without shortening of sarcomeres. 
The distant contractions were probably due to contractions in 
regions away from the control of the voltage clamp where there 
was less inactivation due to spatial decrement of the holding 
potential.
Fibres were regarded as inexcitable if the contraction 
threshold was greater than +40 mV. It was difficult to 
reliably voltage clamp the membrane to potentials more positive 
than +40 mV because of the limitations of the voltage clamp 
system, and the very large currents necessary to change the 
membrane potential by that amount. Usually fibres that would 
not contract with depolarisaton to +40 mV did not contract with 
depolarisation to +60 mV or +100 mV either, when this was 
achieved in some cells.
The holding potential was depolarized from -80 mV to the 
potential at which the fibre became inexcitable to a 15 ms test 
pulse, and then repolarized to -80 mV so that the stability of 
the control threshold could be checked. Measurements were made 
at up to three holding potentials including -80 mV. If the 
threshold at any holding potential differed by more than 1 mV 
the cell was rejected and the data discarded. Consistent 
results could be obtained for more than 1 hour with an error 
less than 1 mV, indicating that the voltage clamp procedure did 
not alter the cells in a way that affected the threshold for 
contraction.
2.2.10 DATA ANALYSIS
Twitch, tetanus and potassium contracture records acquired 
by computer were stored on floppy disks under the RT11 (D.E.C.)
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operating system. The data was transferred to a PDP 11/44 
computer where it was converted for use under FLEX (an 
operating system for the Motorola 6809 microcomputers). Peak 
contraction amplitude was measured using an analysis program 
written in 6809 assembly language. The program displayed the 
data on an oscilloscope and allowed markers to be placed at the 
baseline and peak of the contraction records. Measured 
parameters were stored as text in a file which could be sent to 
an I.B.M. PC Computer for statistical analysis using a spread 
sheet package (Lotus 123).
2.2.11 METHODS APPENDIX
2.2.11.1 CLIP DETECTOR CIRCUIT
DESIGN CRITERION
One of the difficulties in voltage clamping muscle fibres 
with low input resistance and high membrane capacitance was 
that the clamp amplifier could not always pass sufficient 
current to maintain voltage control, and large oscillations 
occurred due to the finite response time of the overall 
feedback loop. This could damage the cell and measurements 
based on the assumption of a constant voltage were no longer 
valid. It was important that the investigator be aware of 
these conditions immediately they occurred. The state of the 
clamp could easily be overlooked when attention was focused on 
the video monitor for visual determination of contraction 
threshold (see section 2.2.8). The clip detector was built so 
that an audible warning was sounded when the final operational 
amplifier of the current passing circuitry saturated, and could 
not pass sufficient current to maintain voltage control of the 
clamped cell.
Figure 2.2 Clip detector circuit. An audible alarm (piezo
transducer) sounded when the voltage clamp saturated and 
voltage control could no longer be maintained. The last stage 
of the voltage clamp (see figure 2.1) was connected to V^n.
The dual voltage comparator integrated circuit (i.c.) LM393 
formed a bipolar threshold detector. One half of the i.c. 
(LM393a) was the positive signal detector and the other half 
(LM393b) was the negative detector. One half of a LM556 dual 
timer i.c. was wired as a monostable or pulse extender 
(LM556a). The piezo-electric audio transducer was driven at 
3.5 Khz by the other half of the timer i.c. (LM556b), which was 
connected as an oscillator.
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Figure 2.3 Microprocessor timer. TTL level pulses delivered
at the 'CONTROL OUT' port triggering an oscilloscope, a peak 
voltage detector, a calibration pulse (via a stimulator) and 
the duration of the pulse sent to the voltage clamp via the 
Neurologue analogue pulse amplifier, which set the pulse 
amplitude. The pulse duration, frequency and repetition number 
in a train were controlled by switches connected to the 
'SWITCHES' port. A trigger pulse in the 'TRIGGER' port was 
used to initiate pulses. A more detailed descripton of 
external connections to the controller is given in Figure 2.4.
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CIRCUIT DESCRIPTION
The detector consisted of three sections (Figure 2.2). A 
bipolar threshold detector, a pulse extender (monostable) and a 
gated oscillator alarm. The input signal at V^n was applied to 
the inputs of a dual comparator (LM393, Figure 2.2). One half 
was used to detect positive and the other half negative 
saturation. The threshold levels for each polarity was set by 
variable potential dividers (Figure 2.2). When the threshold 
was exceeded, a negative voltage of about -12 V was produced at 
the junction of the two diodes connected to the trigger output. 
This point was normally at about +14 V. When the signal 
dropped below 3.3 V, a pulse at the output of a monostable 
(half of a NE556, pin 7) of at least 100 ms duration was 
initiated. A diode connected between two resistors and zero 
volts prevented negative signals from exceeding the input 
voltage tolerance of the NE556 timing integrated circuit. The 
pulse gated the other half of the NE556 which was configured as 
an oscillator. The oscillator ran at 3.5 KHz when the input 
(pin 10) was high (5 V) and drove a piezo-electric audio 
transducer, which emitted an audible sound when the final 
current passing amplififer of the voltage clamp circuit was 
saturated.
2.2.11.2 MICROPROCESSOR TIMER CIRCUIT AND OPERATION 
DESIGN CRITERION
The function of the microprocessor timer was to accurately 
and rapidly provide pulses of known duration and deliver trains 
of pulses of set frequency and number. The simplest (and 
cheapest) system to serve this function consisted of a 
microprocessor, a few controlling switches, and output latches 
to trigger external devices, such as stimulators, or 
oscilloscopes. Control outputs were at TTL levels. Some of 
the inputs were TTL driven while the rest were connected to
25
manually operated switches. The board was assembled on a 15 cm 
by 15 cm matrix board using wire wrap sockets. A brief 
description of the circuit and its operations is given below.
CIRCUIT DESCRIPTION
A schematic diagram of the main microprocessor circuitry 
is shown in Figure 2.3. A 16 MHz crystal oscillator provided 
an accurate and stable frequency source that was divided down 
to a 4 MHz clock for use by the central processing unit (CPU), 
parallel input output (PIO) circuit and counter timer clock 
(CTC) circuit for the coordination of the system's operation. 
The clock was further divided by the CTC under software control 
to a 10 KHz signal, which was used as the basic clock cycle for 
the timing of pulse parameters.
An eprom (erasable programmable read only memory) 
permanently held the controlling program with its interrupt 
service routines and tables of the preselected pulse duration, 
frequency and timing data. The RAM (random access memory) 
stored the program stack, timing countdown information and 
optionally, programs downloaded from an external source.
An 8 bit output latch ('control out') controlled 
triggering of an oscilloscope, a Neurolog analogue pulse 
amplifier and the resetting of a peak detector. Three other 
ports handled various input signals (Figure 2.4). The 'trigger 
in' on the CTC initiated a pulse train sequence. PIO port B 
received input from the controlling switches. The switch 
connected to 'Din3' triggered a pulse train and had the same 
effect as a pulse to 'trigger in'. The 'Din2' switch triggered 
a single pulse. The remaining five switches controlled the 
parameters of the pulses. The 'function selector' determined 
which operation the 'increase' and 'decrease' momentary action 
switches performed. Set pulse durations and frequencies were 
called up by pressing the 'increase' or 'decrease' switches.
PIO port A 'Data in' was used during development of the
Figure 2.4 External connections to the microprocessor timer
(Figure 2.3). 'PORT A' was used to load external programs into 
the microprocessor for development purposes only. 'PORT B' 
read the state of the switches used to control pulse 
parameters. The inputs were kept close to +5 V by 4.7 Kohm 
resistors connected to +5 V. The capacitators to OV debounced 
the voltage changes applied to the port when a switch state was 
changed. A pulse at the trigger input 'EXTERNAL TRIGGER INPUT' 
was used to initiate a pulse sequence. TTL control signals to 
external devices were delivered by the 'CONTROL PORT'.
MICROPROCESSOR EXTERNAL CONNECTIONS
PORT A
DATA
INPUT
RDY
STB
DinO
Din7
DinO 
Din 1 
Din2 
Din3
HOST COMPUTER 
PARRALLEL PORT 
FOR DOWNLOADING 
TEST PROGRAMS 
(OPTIONAL)
4 x  4 K 7 ft
+5V
MOMENTARY 
ACTION SWITCHES
PORT B
CONTROL
SWITCHES
3x 4K7T2 +5V 4x 0.01 uF
INCREASE FUNCTION 
DECREASE FUNCTION 
PULSE (SINGLE) 
PULSE (TRAIN)
Din4
Din5
Din6
3 x  0.01 oF
3TSP
EXTERNAL
TRIGGER
INPUT
CHO
CH1
CH2
CH3 ■< TRIGGER IN
FREQUENCY
DURATION
NUMBER
FUNCTION
SELECTOR
Doutl ------->
Dout2 ----- >
Dout3 ----- >
CONTROL DouH
P O R T  Dout5
/
Dout6
Dout7
Dout8
ToC.R.O. TRIGGER 
To STIMULATOR 
To NEUROLOGUE 
SET PEAK DETECTOR
Spare
Spare
Spare
Spare
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software. Test programs in machine code were downloaded from a 
conventional microcomputer. Controlling programs were written 
and assembled on a larger, disk based microcomputer running the 
CP/M (Digital Research) operating system.
SOFTWARE OPERATION
On power up or reset the CTC and PIO were set up for 
interrupt operation and the control port put into a neutral 
state. The main program was a halt command and a jump to the 
halt. All functions were implemented in response to 
interrupts. The interrupt sources in order of priority were 
the interrupt switch, the CTC and PIO port B switches DinO to 
Din3. Higher priority interrupts could occur during lower 
interrupts but not the reverse. The CTC was programmed to 
interrupt every 100 us. The control port state was changed and 
periods and durations were timed and counted during this 
interrupt and were hence locked into this exact time period. A 
TTL pulse into the 'trigger in' caused a train of pulses to be 
delivered starting on the next 100 us interrupt. Pressing 
either of the momentary action pulse switches similarly started 
a train or a single pulse on the next 100 us period. The 
increase and decrease momentary action switches caused the 
pulse duration, frequency or number to be changed depending on 
the position of the function selector switch. Pressing the 
interrupt switch caused timing functions of the board to be 
aborted and a machine code program to be loaded via the 'data 
in' port and execution to be started at this program when it 
has been loaded.
2.3 RESULTS
2.3.1 POTASSIUM CONTRACTURES
Activation of contraction using depolarisation with high 
external potassium concentrations provided independent
Table 2.2 Membrane potentials (V ) recorded from e.d.l. and soleus
fibres
[K+]
recodedin various external
0 • d • 1 •
potassium concentrations [K+] 
Soleus t-test
(mM) vm  (mV) Vm (mV) P
3.5 -83.0 ± 0.2 (125) -85.9 ± 0.3 (115) <0.01
10 -67.6 ± 0.9 (24) -69.5 ± 0.6 (22)
20 -54.9 + 0.7 (22) -54.8 ± 0.7 (18)
40 -37.9 ± 0.8 (22) -40.3 ± 0.6 (20)
80 -24.8 ± 0.5 (22) -27.2 ± 0.4 (16)
120 -17.4 ± 0.5 (22) -16.0 ± 0.4 (29) <0.01
160 -9.4 ± 0.8 (23) -8.0 ± 0.8 (20)
200 -2.7 ± 0.6 (23) -1.6 ± 0.4 (21)
mean + s.e. (number of fibres)
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confirmation of the results obtained using threshold 
measurements under voltage clamp conditions. A full activation 
curve over a range of membrane potentials could be obtained 
with this technique and the spatial control of membrane 
potential was better than that with a two electrode voltage 
clamp. The relationship between external potassium 
concentration and membrane potential was determined in separate 
experiments.
2.3.1.1 POTASSIUM CONCENTRATION VERSUS MEMBRANE POTENTIAL IN 
NORMAL RAT FIBRES
Soleus and e.d.l. fibres were equilibrated in the control 
solution (A, Table 2.1) before and after each exposure to a 
high potassium solution (B to I, Table 2.1). If the average 
membrane potential did not recover to the original level in the 
control solution, the preparation was discarded and a fresh one 
substituted. The membrane potentials recorded in potassium 
concentrations from 3.5 to 200 mM (Table 2.2) were similar in 
e.d.l. (n>22) and soleus (n>1G) fibres.
2.3.1.2 ACTIVATION OF CONTRACTION MEASURED WITH POTASSIUM 
CONTRACTURES
Peak tension increased when the potassium concentration 
was increased. Prolonged depolarization produced an increase 
in tension followed by a spontaneous decay or inactivation of 
tension. In these experiments the high potassium solution was 
washed out once the tension had reached a plateau and the decay 
of tension in the contracture was more rapid than that caused 
by inactivation alone. An average membrane potential versus 
tension relationship can not be directly obtained from this 
data because the contractures were from bundles of different 
size. Potassium contracture tension was expressed relative to 
the maximal tetanic tension to eliminate the variability 
introduced by differences in bundle size. The criterion for
Figure 2.5 Relative potassium contracture tension as a 
function of membrane potential in bundles of fibres from e.d.l. 
and soleus muscle. External potassium concentration was 
converted into membrane potential using the data of Table 2.2. 
Potassium contracture tension was normalised to the maximum 
tetanic tension recorded prior to the contracture. Error bars 
are +1 s.e. Boltzmann curves have been fitted to the average 
tension data. For soleus, Tm=1.2, k=3.5 & V2=-29.5. For
e.d.l., Tm =0.8, k=2.6 & V2=3.5. E.d.l. bundles required more 
depolarization than soleus to produce the same amount of 
tens ion.
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the acceptance of data in these experiments and in inactivation 
experiments were as follows: (i) The 200 mM potassium 
contracture to tetanus ratio was no greater than 1.3 for soleus 
or 1.0 for e.d.l. A higher ratio suggested the presence of 
damaged fibres, which did not contract to direct electrical 
stimuli but were partially activated by prolonged 
depolarisation during a potassium contracture. (Preparations 
that did not meet this criterion did not recover well from 200 
mM potassium contractures.) (ii) the potassium contracture to 
tetanic tension ratio for a contracture in 200 mM potassium was 
the same before and after a contracture in a test concentration 
of potassium. (iii) If the absolute contracture or tetanic 
tension dropped by more than 20% between 200 mM potassium 
contractures.
Continuous curves were fitted to the data by eye using the 
Boltzmann equation:
T = Tm /(l+exp(V2-V)/k))
to provide a basis for comparison of data obtained from 
different preparations. T is the relative tension, Tm is the 
apparent maximum tension, V is the membrane potential, V 2 is 
the potential at which T = T /2 and k is a slope constant.
The membrane potential at which contraction could first be 
detected was closer to the resting membrane potential in soleus 
than e.d.l. fibres (Figure 2.5). Tension in soleus bundles 
reached a plateau at -25 mV, and the tension was 1.2 times the 
maximum tetanic tension (T =1.2). The curve for e.d.l. had a
rv\V m
than soleus (k=3.^) and was shifted 
towards more positive potentials (V2 = -20 mV for e.d.l., 
compared with -29.5 mV for soleus). Potassium contracture 
tension in e.d.l. did not reach a plateau at -2.7 mV (200 mM 
potassium). Potassium concentrations greater than 200 mM could 
not be used because of the higher ionic strength and 
hypertonicity. Hypertonicity and high ionic strength are known 
to affect contraction tension (Gordon & Godt, 1970; Gordon,
steeper slope (k=2.^)
Figure 2.6 The procedure used to measure contractile
inactivation.
(A) Tension recorded from a soleus bundle. The lower line 
shows the concentration of potassium present in the bathing 
solution. When the concentration was rapidly raised from the 
control level of 3.5 mM (-85 mV) to 200 mM (-3 mV, test 
depolarization) tension in the bundle peaked and then decayed. 
The potassium concentration was reduced to 3.5 mM as soon as 
the contracture had peaked.
(B) The same bundle after recovery from the contracture in 
A. The bundles were exposed to a conditioning potassium 
depolarization, in this case 80 mM potassium, which induced 
depolarisation to -25 mV. Exposure to the conditioning 
potassium concentration produced a contracture which 
inactivated during the maintained depolarization. Note that 
this contracture was in fact longer in duration than in A, but 
appears briefer because the time scale was compressed (note the 
calibration bar left of 'Time bars 20 s'). After 3 minutes in 
the conditioning solution the external potassium concentration 
was increased to 200 mM (-25 mV to -3 mV). Tension was less 
than that produced when depolarization was directly from -85 mV 
to -3 mV (cf. A above).
(C) Following recovery from inactivation, another 
contracture was elicited with 200 mM potassium (i.e. -85 mV to 
-3 mV). Note that tension was similar to that in A. Therefore 
the reduced tension in 200 mM potassium (-3 mV) in B was not 
due to rundown of the preparation.
Control
200mM
3.5mM
Inactivated
200mM
80mM
3.5mM |
Recovered
200m M
3.5mM
H Time bars 20s *■
Ta b le  2 .3  Membrane p o t e n t i a l s  (V ) i n  a s e r i e s  o f  p o t a s s i u m  
c o n c e n t r a t i o n  c h a n g e s  u s e d  i n  m e c h a n ic a l  i n a c t i v a t i o n  e x p e r i m e n t s
[K+ ] (nM)
So leus
3 .5  20 200
vm (mV) Vm (mV) Vm (mV)
3 .5
Vm (mV)
- 8 4 . 4  ±  0 .7
( 12 )
- 5 4 . 6  ± 1 .2
( 1 2 )
- 4 . 1  ± 0 . 9
( 1 2 )
- 8 3 . 1  ± 0 .5  
(9)
e . d . 1. - 8 3 . 0  + 0 .7 - 5 6 . 0  ± 1 .0  - 3 . 8  ± 0 .4 - 8 4 . 3  ± 1 .3
(12)  (10 )  (13) ( 1 0 )
mean + s . e .  (number o f  f i b r e s ) .
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Godt, Donaldson & Harris, 1973; Thames, Teichholz & Podolsky, 
1971). It was therefore impossible to discover whether the 
maximum contracture tension in e.d.l. would have been equal to, 
or greater than the tetanic tension.
2.3.2 INACTIVATION OF CONTRACTION MEASURED WITH POTASSIUM 
CONTRACTURES
Maintained depolarization in muscle fibres produces an 
initial increase in tension followed by a spontaneous decay 
caused by an inactivation mechanism. In voltage clamp 
experiments, contraction inactivation caused an increase in 
threshold with holding potentials above -50 mV (section 2.3.5). 
The results obtained under voltage clamp conditions were 
independently checked using potassium concentratures in bundles 
of fast and slow twitch muscle fibres. The membrane potential 
changes during the sequence of rapid changes in external 
potassium concentration used to measure inactivation is 
described in the next section.
2.3.2.1 MEMBRANE POTENTIAL DURING COMPLEX CHANGES IN
POTASSIUM CONCENTRATION USED TO MEASURE STEADY STATE 
INACTIVATION
The inactivation experiments required changes in steady 
state concentration from 3.5 mM to a conditioning 
concentration, and then back to control. The fibres were 
briefly exposed to a test potassium concentration (usually 200 
mM) in each of the steady state potassium concentrations (see 
section 2.2.8). It was necessary to check that the membrane 
potentials during each of these steps were the same as the 
potentials recorded with simple changes in potassium 
concentration (Table 2.2). Membrane potentials were measured 
for a series of external potassium concentration changes from 
3.5 mM to 20 mM to 200 mM and back to 3.5 mM (Table 2.3). The 
bundles were kept in each potassium concentration for a
Figure 2.7 Scatter diagrams of relative tension from 
individual fibres during inactivation experiments. The 
relative tensions (contracture to control tetanus ratio) of the 
test contractures before the conditioning depolarisation, 
during the conditioning depolarisation (inactivation) and after 
recovery from inactivation. (A) Soleus bundles with 
conditioning depolarisation to -21 mV (80 mM potassium). (B) 
E.d.l. bundles with conditioning depolarisation to -55 mV (20 
mM). Similar graphs were obtained for all conditioning 
potentials used to measure inactivation and illustrate that the 
ratio of contracture to control tetanus (relative tension) is a 
reproducible measure of the potassium contracture tension 
produced by small bundles of fibres in low external chloride 
concentrations.
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duration similar to that used to give mechanical inactivation 
(section 2.3.2.2). The average membrane potentials in each 
potassium concentration were similar to the steady state 
potentials recorded when the potential was changed suddenly 
from the resting concentration of 3.5 mM to either 20 mM or 200 
mM and back to 3.5 mM for e.d.l. and soleus muscle fibres (see 
Table 2.2).
2.3.2.2 STEADY STATE INACTIVATION OF CONTRACTION
Inactivation was measured using the protocol shown in
Figure 2.6. The first trace is the tension produced by a test
depolarization with 200 mM external potassium (solution I,
Table 2.1). A conditioning depolarization with potassium
concentrations of 10 mM to 160 mM was applied for 2.5 minutes
for e.d.l. or 3 minutes for soleus. These times were long
enough for the tension developed after exposure to the
conditioning potassium concentration to decay to baseline
indicating that inactivation was complete. The degree of
inactivation in the conditioning solution was assessed by
exposing the bundle to the 200 mM test solution (Figure 2.6b).
In Figure 2.6b the first contracture, on a slow time scale, was
in response to the conditioning 80 mM potassium solution
(solution F, Table 2.1) and the second was to the 200 mM
potassium test solution. The test contracture during exposure
to 80 mM potassium was smaller than the previous 200 mM
contracture because of inactivation during depolarization in
the conditioning solution. A test 200 mM contracture was
elicited for a third time (Figure 2.6c) when the fibres had
been allowed to recover in 3.5 mM potassium, to test for
recovery from inactivation and to ensure that fatigue had not
rcontributed to the low amplitude of the test contractu^ during 
exposure to the conditioning solution.
The bundle was allowed to recover for 20 to 50 minutes 
until twitch and tetanic tension recovered to a steady
Figure 2.8 Relative inactivated tension plotted against the 
conditioning potential. Conditioning potential was the 
membrane potential of bundles in the conditioning solutions 
(from Table 2.2 & 2.3). The tension during the test 
contracture (in 200 mM, to -3 mV) in the conditioning solution 
was normalised to the control tetanus. More depolarized 
conditioning potentials reduced the magnitude of tension 
produced during the test contracture. Soleus fibres required 
more positive potentials for inactivation than e.d.l. fibres.
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amplitude after each test contracture or conditioning and test 
contracture. Data from a bundle was rejected if (i) the ratio 
of the contracture to maximum tetanus during the third 
contracture was more than 10% different from the ratio during 
the first contracture, or (ii) the absolute amplitude of the 
contracture differed by more than 20%.
The relative tension (ie. the ratio of contracture tension 
to the maximum tetanus) before and after recovery from 
conditioning depolarization was similar in e.d.l. and soleus 
fibres. This demonstrates that relative tension recovered to 
initial values after inactivation. Examples of the relative 
tensions of probe contractures for soleus and e.d.l. bundles 
before, during and after conditioning in 80 mM and 20 mM 
potassium respectively are shown in Figure 2.7 as scatter 
plots.
The ratio of the amplitude of the test contracture during 
the conditioning depolarization to the maximal tetanus in 
control solution recorded just before the conditioning solution 
was applied, provided a measure of inactivation. Tension has 
been plotted against the membrane potential measured separately 
in the conditioning solutions (see section 2.3.2.1). Data has
been plotted in two ways. The average ratios are shown in 
Figure 2.8 and the ratios were normalised to the test 
contractures in the 3.5 mM potassium solution for individual 
bundles. The averaged normalised data is shown in Figure 2.9. 
As expected from the activation curves (Figure 2.5) the 
relative tension at -85 mV was lower in e.d.l. (0.75 +0.01, 
n=27) than in soleus (1.2 +0.03, n=30, Figure 2.8). Both 
graphs show that soleus fibres are less subject to inactivation 
than e.d.l. Relative tension in e.d.l. was reduced by 32% with 
steady state depolarisation to only -67 mV and continued to 
fall steadily with further depolarisation (Figure 2.9). In 
contrast, soleus fibres maintained maximum tension with 
depolarisation to -38 mV. Tension fell steeply between -38 mV
Figure 2.9 Relative steady state inactivation in bundles of
e.d.l. and soleus fibres. The test contracture tension 
recorded in the conditioning solution has been normalised to 
the average tension of the test contracture recorded before and 
after exposure to the conditioning solution. The points are 
the average normalised tension at each conditioning potential. 
Error bars are + 1 s.e. In soleus bundles the normalised 
tension was close to unity, with conditioning depolarisation to 
-54 mV, while tension in e.d.l. bundles was significantly 
reduced with depolarisation to -68 mV. These graphs 
demonstrate that soleus fibres are not as sensitive to 
inactivation as e.d.l. fibres.
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Figure 2.10 Inactivation in soieus bundles using below maximum
test contractures. Test contractures to -25 mV (80 mM 
potassium) and -33 mV (60 m M ) were used. These contractures 
produced relative tensions of 0.98 and 0.72 respectively.
(Note that the test contracture with depolarisation to -33 mV 
produced a relative tension in soieus similar to the tension 
produced by a test depolarization to -3 mV in e.d.l. fibres). 
Tension was normalised to the test contracture before and after 
recovery for the inactivating depolarization. The effect of 
steady state depolaristation to -25 mV and -33 mV was the same 
as the effect on depolarsation to -3 mV (data for soieus 
reproduced from figure 2.9 for comparison). The similarity of 
these curves shows that the measurement of inactivation is not 
affected by using test depolarizations that produce less than 
maximum activation.
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and -27 mV (Figure 2.9).
2.3.3 INACTIVATION USING SUBMAXIMAL TEST CONTRACTURES IN 
SOLEUS MUSCLE
Different inactivation curves for e.d.l. and soleus 
muscles (Figure 2.9) may have been influenced by the fact that 
the 200 mM contracture was located on a different part of the 
activation curve in the two muscles (Figure 2.5). The 200 mM 
contracture in soleus was on the saturated part of the 
activation curve and may have been less influenced by 
inactivation than the 200 mM contracture in e.d.l., which was 
on the steep part of the activation curve. It was not possible 
to use a solution with a potassium concentration greater than 
200 mM due to osmotic considerations. Inactivation was 
measured in some soleus bundles using test potassium 
concentrations, which gave contractures with amplitudes 
equivalent to the amplitude of the 200 mM contracture in 
e.d.l., to establish that a submaximal test contracture did not 
affect the voltage dependence of inactivation.
External potassium concentrations of 60 mM (-33 mV) and 80 
mM (-25 mV) gave contracture to tetanus ratios of 0.73 +0.2 
(n=4) and 0.98 +0.04 (n=6). This was similar to the ratios of 
0.8 and 0.98 recorded from normal (Figure 2.5) and T^ treated 
(see section 3.2.7.2) e.d.l. bundles respectively exposed to 
200 mM of potassium. A conditioning depolarization to -54 mV 
gave no significant inactivation with either test potassium 
concentration (Figure 2.10), in contrast to the 30% to 50% 
inactivation obtained in e.d.l. fibres described in section 
2.3.2.2. With conditioning depolarization of -38 mV, 60 mM and 
80 mM test contractures were inactivated to approximately 25% 
as opposed to 70% inactivation in the equivalently conditioned 
e.d.l. preparation (Figure 2.9). Therefore the greater amount 
of inactivation observed in e.d.l. bundles was the result of 
real differences in inactivation properties and not due to the
Figure 2.11. Contraction thresholds measured using a two
microelectrode voltage clamp. The peak pulse potential, that 
just elicited shortening of sarcomeres, is plotted against 
pulse duration. E.d.l. fibres (n=21) required more positive 
potentials to cause contraction than soleus fibres (n=20). 
Error bars are +1 s.e. Fibres were maintained in low chloride 
solution (solution A, Table 2.1) with 1.5 urn Tetrodotoxin at 
21° to 23°C. Membrane potential was held at -80 mV between 
pulses.
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use of submaximal test contractures.
2.3.4 CONTRACTION THRESHOLD IN E.D.L. AND SOLEUS MUSCLE
The solution used in all threshold experiments contained 
tetrodotoxin (1.5 uM) to abolish the regenerative sodium 
conductance. The membrane potential was held at -80 mV and the 
threshold for a 15 ms pulse was established (see section 
2.2.9). Results were not accepted unless the thresholds at the 
different pulse durations were reproducible.
Contraction threshold at a holding potential of -80 mV was 
not changed when the potential was changed to a more negative 
value (-90 mV). Pulses could be repeated once a second without 
affecting contraction threshold. Generally test pulses were 
delivered every two seconds, or every five seconds for pulse 
durations longer than 240 ms. Test pulses were only delivered 
at times when contraction threshold was being recorded.
The relationship between membrane potential and pulse 
duration for just visible contractions from rat soleus (20 
fibres) and e.d.l. (21 fibres) fibres are shown in Figure 2.11. 
The curve for e.d.l. was more positive than the curve for 
soleus for all pulse durations tested. The difference between 
the curves was about 11 mV for pulse durations less than 120 ms 
and increased to 20 mV with longer pulses (at pulse durations 
between 3 ms to 1920 ms p<0.01, t-test). The general shape of 
the curves was typical of that seen for threshold phenomena 
(Adrian & Lucas, 1912): the membrane potential change required 
for a contraction being larger when the duration of the pulse 
was shorter.
The strength duration curves for contraction threshold did 
not reach a rheobase, even with pulses approaching 2 seconds.
If the curves had been typical of a strength duration 
relationship for a single step process, e.g. action potential 
generation in nerve axons, a linear reciprocal relationship 
between stimulus duration and contraction threshold would have
Figure 2.12 Plot of reciprocal pulse duration versus
contraction threshold using of the data of Figure 2.11. Lines, 
fitted by eye, were drawn through the threshold potentials for 
pulse durations between 1.5 ms to 10 ms. Pulses longer than 30 
ms are below the relationship expected for a threshold 
phenomenon. A linear relationship is typical of a process that 
requires the movement of a constant amount of charge.
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existed (Adrian, Chandler & Hodgkin, 1969). Figure 2.12 shows 
a reciprocal plot of the data in Figure 2.11. The relationship 
was linear for pulse durations between 1.5 to 10 ms. The 
threshold for a 1 ms pulse was less than expected, and was 
perhaps the result of a voltage dependent conductance change 
during the large potential change necessary to reach 
contraction threshold during this brief pulse, causing a loss 
of voltage control in the T-tubule membrane. For pulse 
durations longer than 10 ms the threshold was more negative 
than expected, indicating that a second process may have been 
involved in the initiation of contraction in this experiment. 
These processes may be the normal excitation-contraction 
coupling process and a second process which may be related to a 
low threshold voltage activated calcium current in skeletal 
muscle (Cota & Stefani, 1986; Ildefonse, Jacquemond, Rougier, 
Renaud, Fosset & Lazdunski, 1985).
2.3.5 STEADY STATE MEMBRANE POTENTIAL DEPENDENCE OF 
CONTRACTION THRESHOLD IN NORMAL MUSCLE FIBRES
Inactivation of contraction was investigated by measuring 
the mechanical threshold at different holding potentials. 
Inactivation has not previously been studied using this 
technique in mammalian muscles with different contraction 
speeds.
Fibres were clamped in the normal manner at -80 mV until 
the threshold for a 15 ms test pulse stabilized. The holding 
potential was then shifted by 10 mV steps to a new holding 
potential. At each new potential the contraction threshold was 
repeatedly measured until it became constant (usually after 2 
to 5 minutes). At holding potentials of -40 mV and more 
positive, contraction threshold increased sharply and was often 
in excess of +20 mV. Such thresholds were lumped into a group 
of greater than +20 mV thresholds, since it was difficult to 
measure this potential range accurately. In most of these
Figure 2.13 The effect of membrane potential on the 
contraction threshold for a 15 ms pulse in a typical e.d.l. and 
soleus fibre. The thresholds shown on the graph were taken 
when the threshold had reached a steady state after the change 
in potential. Threshold decreased to a minimum at -60 mV in 
the e.d.l. fibre and steeply increased at holding potentials 
more positive than -50 mV. The soleus fibre had a minimum 
threshold at -50 mV and rose steeply above -40 mV. The rise in 
threshold was due to inactivation of contraction. Note that 
the thresholds in the soleus fibres were lower than in e.d.l. 
and soleus inactivated at more depolarizated holding 
potentials.
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cells local contraction could not be observed when the test 
pulse was increased to between +60 and +100 mV. As this was 
beyond the physiological range, these cells were inexcitable 
and lumped into a single group with thresholds greater than +20 
mV.
The membrane potential dependence of contraction threshold 
is illustrated by data from a typical e.d.l. and a typical 
soleus fibre in Figure 2.13. The curve for e.d.l. was more 
positive than for soleus. Both curves dipped towards more 
negative potentials at holding potentials of -60 and -50 mV. 
This phase of greater excitability sharply turned into lower 
excitability when the cells were depolarized further. The 
e.d.l. fibre became totally inexcitable, or inactivated, at -40 
mV in contrast to the soleus fibre which did not inactivate 
until -30 mV. The onset of inactivation was sharper in e.d.l. 
than in soleus.
The data from 17 e.d.l. fibres (Figure 2.14a) and 14 
soleus fibres (Figure 2.14b) was grouped so that fibres having 
a common potential for the onset of inactivation were lumped 
together and an average contraction threshold was calculated. 
Each curve in Figure 2.14 was constructed for one group of 
fibres. Fibres from e.d.l. muscles fell into two groups. A 
small group of fibres were inexcitable at -40 mV (squares 
Figure 2.14a) and a larger group we-ne. inexcitable at -30 mV 
(triangles Figure 2.14a). This implied that all e.d.l. fibres 
had a contraction threshold in excess of +20 mV when the 
holding potential was equal to or more positive than -30 mV. 
Soleus fibres fell into four groups; four out of twelve fibres 
were inactive at -30 mV (squares Figure 2.14b) and the 
remaining fibres became inexcitable at more positive holding 
potentials. The average curves for soleus fibres were not as 
steep as the curves for e.d.l. fibres at holding potentials 
between -50 mV and +20 mV. This demonstrated that soleus 
fibres remained excitable at more depolarized potentials than
Figure 2.14 Average contraction threshold plotted against 
holding potential in (A) 17 e.d.l. and (B) 14 soleus fibres.
The thresholds were grouped so that average values were 
obtained from fibres having a common potential for onset of 
inactivation (see text). Fibres were classed as inexcitable if 
the threshold was in excess of +20 mV. The number of fibres in 
each group is noted on the graph. (A) E.d.l. fibres were all 
inactivated at holding potentials above -40 mV. (B) Soleus 
fibres were all inactivated at potentials positive of 0 mV.
The rise in threshold with voltage in soleus fibres was less 
steep than in e.d.l. fibres.
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e.d.l. fibres.
2.3.6 SUMMARY
The results obtained from the voltage clamp and potassium 
contracture experiments agree. Activation and inactivation 
differ in rat e.d.l. and soleus muscle. Soleus muscle develops 
tension with less change in membrane voltage and maintains 
tension with more steady state depolarization.
2.4 DISCUSSION
2.4.1 EXCITATION-CONTRACTION COUPLING IN NORMAL MUSCLE FIBRES 
Excitation-contraction coupling has been shown to be 
quantitatively different in fast twitch, e.d.l. and slow 
twitch, soleus muscles. Activation of contraction occurred 
with a smaller change in membrane potentials in soleus than in 
e.d.l. fibres. Similarly inactivation of contraction was 
induced in e.d.l. muscles at a more negative potential than in 
soleus. These properties were demonstrated using two 
independent techniques, contraction threshold measurements 
using a voltage clamp and determination of activation from 
tension developed during depolarisation in high external 
potassium. The differences in activation and inactivation 
properties allow soleus to develop tension with a small 
stimulus for long periods and e.d.l. to rapidly produce force 
in response to bursts of high intensity stimulation. These 
properties match the phasic pattern of activity received by 
e.d.l. and the tonic pattern received by soleus in vivo (Hennig 
& L^mo, 1985; Luff Sc Webb, 1985).
2.4.2 CONTRACTION THRESHOLD IN E.D.L. AND SOLEUS FIBRE
Soleus muscle fibres had a lower voltage threshold for 
mechanical contraction than e.d.l. fibres. The physiological 
significance of the different thresholds is not obvious.
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Tension produced would be influenced by the degree and time 
above contraction threshold during the all or none action 
potential in the T-tubules (Constantin, 1970). However the 
normal twitch in soleus is smaller than the twitch in e.d.l.
(see section 3.3.3) at the temperature used in this study 
(22° C), although the voltage above threshold is greater. The 
higher contraction threshold in e.d.l. may ensure phasic 
activity in the muscle by providing a safety factor that would 
prevent spurious contractions, for example from abnormal 
circumstances such as fatigue when higher than normal external 
potassium concentrations may depolarise the fibres (Hanson & 
Perrson, 1971) or action potential fatigue (Lüttgau, 1965). In 
contrast, the low threshold in soleus would maintain its 
responsiveness to tonic activation.
The determination of contraction threshold using a point 
voltage clamp and a visual end point determination of 
contraction provided a measure of voltage dependence that was 
more accurate than the potassium contracture method. Voltage 
clamping directly controlled the membrane potential more 
accurately and rapidly than the changes that can be achieved 
with rapid flow change in external potassium concentration. 
Observation of local shortening of sarcomeres with a compound 
microscope detected microscopic contractions that were not 
directly transmitted beyond several sarcomeres. Activation at 
that level was well below the sensitivity of a tension 
transducer attached to the tendons of the fibre. Artifacts due 
to decrement of potential changes down the T-tubules were 
minimized since sarcomere shortening was observed near the 
surface of the fibres and low external chloride concentrations 
increased the tubular length constant by reducing the chloride 
conductance in the T-tubules (Dulhunty,1979, 1982; Dulhunty,
Carter & Hinrichsen, 1984; Palade & Barchi, 1977).
The threshold curves obtained were similar to those 
obtained from amphibian muscles (Adrian, Chandler & Hodgkin,
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1969; Almers & Best, 1976; Constantin, 1974; McCleskey, 1985).
No distinction has been made between fibres of differing
contractile properties which exist in amphibian muscle
(Lännergren, 1979). A clear difference exists in the e.d.l.
and soleus fibres of the rat. The difference is of the same
order as expected from fast and slow twitch fibres using
potassium contracture experiments in this study (section 2.3.1)
and others (Dulhunty, 1980; Dulhunty, 1981; Dulhunty & Gage,
n??31983, 1985; Lorkovi^), and asymmetric charge movement (Dulhunty
& Gage, 1981; Dulhunty & Gage, 1983; Hollingworth & Marshall, 
1981), which is a signal associated with the initiation of 
calcium release from the sarcoplasmic reticulum (Schneider & 
Chandler, 1973).
A possible contributing factor to the different thresholds 
in e.d.l. and soleus fibres could be related to the interaction 
of free calcium released into the myoplasm with the contractile 
filaments. Contractile proteins in slow twitch fibres have a 
greater sensitivity to free myoplasmic calcium than fast twitch 
fibres, which require two to three times the amount of calcium 
for contraction (Kerrick, Secrist, Coby & Lucas, 1976; 
Stephenson & Williams, 1981).
The stimulus strength versus contraction threshold curve 
for both soleus and e.d.l. did not have a clear rheobase with 
pulses up to two seconds. No rheobase has been seen in other 
studies using mammalian muscle preparations (Dulhunty, 1980; 
Dulhunty & Gage, 1983), where the thresholds with long duration 
pulses were more positive. The lower thresholds in this study 
may be due to the better control of potential in the T-tubules 
by the reduction of chloride conductance, which increased the 
length constant of the T-tubules, and also the use of a 
compound microscope to give better resolution of small local 
contractions.
Plotting the strength duration data on a reciprocal plot 
(figure 2.6) illustrated the deviation of the curve from an
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idealized threshold phenomenon, where a constant amount of 
charge or constant voltage time product is required to reach 
threshold (e.g. the threshold for stimulation of an action 
potential in a nerve axon, [Adrian & Lucas, 1912]). The points 
above -35 mV could be fitted to a reciprocal relationship 
except for the point at 1 ms, which fell below the line of fit. 
This was unexpected since the brief 1 ms pulse would be slowed 
by the capacitance of the T-tubules, a higher voltage being 
required to overcome this effect. Such a point would lie above 
the line of fit on a reciprocal plot. In addition, the 
sampling effects of observing contraction on video monitor, 
which displays a frame every 20 ms, would make the resolution 
of brief contractions difficult, especially in the rapidly 
contracting e.d.l. fibres. However the 1 ms points for e.d.l. 
and soleus were below the fitted line. Residual voltage 
activated sodium conductance in the T-tubules could explain the 
low threshold, but the concentration of TTX used was sufficient 
to block the sodium channels (Narahashi, Moore & Scott, 1964). 
It is possible that a high threshold calcium current (Cota & 
Stefani, 1986) could cause the lower than expected threshold.
The thresholds for long duration pulses fell below the 
line of fit to the data between 30 ms and 1920 ms, which 
suggests that a second process was contributing to the 
activation of contraction. This may be a calcium current, 
which has been reported to exist in normally innervated 
amphibian striated muscle, and switches on with long duration 
depolarizations at about -30 mV (Aimers & Palade, 1981; Beaty & 
Stefani, 1976; Cota & Stefani, 1986). Such a current would 
contribute to activation by admitting calcium directly into the 
myoplasm. The use of the calcium current blockers, Nifedipine 
and D600 and, the agonist Bay K8644 have yielded conflicting 
results about the role of an external calcium current in 
activation of contraction with long duration depolarizations in 
amphibian fibres. McCleskey (1985) found no role for calcium
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currents, while Ildefonse, Jacquemond, Rougier, Renaud, Fosset 
& Lazdunski (1985) reported that activation was affected. As 
yet, no data is available concerning the interaction of calcium 
currents with contraction threshold in mammalian fibres, 
although this possibility could be tested by studying the 
effects of cobalt, which blocks the calcium current in muscle 
(Horowicz & Schneider, 1981a; Dulhunty & Gage, 1983).
2.4.3 STEADY STATE VOLTAGE DEPENDENCE OF CONTRACTION 
THRESHOLD
The change of contraction thresholds with different steady 
state holding potential was different in e.d.l. and soleus 
fibres. The contraction thresholds for soleus fibres were 
lower than for e.d.l. fibres (figure 2.13) at all holding 
potentials. At potentials more positive than -50 mV the the 
mechanical threshold in both types of fibres increased.
The reduction of thresholds at holding potentials between 
-70 mV and -50 mV represented activation in the fibres. This 
result may reflect the activation of the same mechanism that 
lowered the thresholds below that expected from long duration 
pulses at a holding potential of -80 mV. The same activation 
process may be responsible for both phenomena, and cause an 
increase in concentration of free myoplasmic calcium below the 
level required to activate the contractile proteins, which can 
summate with further release (Endo, 1977). The lowering of 
contraction threshold demonstrates that fibres held 
continuously in this potential range were tonically activated 
with little or no mechanical inactivation visible by threshold 
measurements. This result implies that activation and 
inactivation are distinct processes. The resolution of 
activation and inactivation into separate processes has been 
achieved by other techniques. The reduction of external 
calcium (Caputo & Bolanos, 1986), replacement of external 
calcium with magnesium ions (Lüttgau & Spiecker, 1979) and
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replacement of chloride ions with perchlorate and dichromate 
(Foulks, Miller & Perry, 1973; Gomolla, Gottschalk & Lüttgau, 
1983; Fuxreiter, Gottschalk, Kovacs & Lüttgau, 1983) affects 
the voltage dependence of activation and inactivation 
differently.
Inactivation of contraction was seen as an increase in 
contraction threshold at holding potentials more positive than 
approximately -50 mV. The voltage dependence of threshold in 
e.d.l. fibres was steeper than for soleus and occurred at more 
negative potentials, making e.d.l. more sensitive to 
inactivation. These observations are of interest since the 
dissimilarity between inactivation in fast and slow twitch 
fibres has not been previously stressed.
2.4.4 POTASSIUM CONTRACTURES
Soleus and e.d.l. bundles clearly had different tension 
versus membrane potential relationships. The lower relative 
tension output (T, contracture to maximum tetanus ratio) in 
e.d.l. (T=0.8) than soleus (T=1.2) bundles for the maximum 
potassium depolarization used (to Vm of about -3 mV) and the 
larger depolarisation required to produce the same relative
tension (cf. e.d.l. V2=-20 mV & soleus V2=-30 mV) was reported 
by Dulhunty & Gage (1985). The difference in V2 is consistent 
with the higher sensitivity of skinned soleus fibres (Kerrick, 
Secrist, Coby & Lucas, 1976; Stephenson & Williams, 1981).
Other studies have not noted the lower maximum relative tension 
(Ltoty & Lfeaut^  1982; Lorkovit, 1971, 1983), because force was
not normalized to muscle cross-sectional area or a proportional 
measure, such as the maximum control tetanus. The relative 
tension reached a plateau in soleus and appeared to approach 
saturation in e.d.l. muscles. This would not have been 
apparent if contractures were induced using a constant 
potassium and chloride concentration product such as in the 
studies of Anwyl, Brutin & McLoughlin (1984) and Graf &
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Schatzmann (1984), especially in soleus muscles, because the 
slower depolarizations across the membrane of mammalian muscle 
fibres when the potassium and chloride product is kept constant 
would allow inactivation of contraction to significantly reduce 
the maximum amplitude of the potassium contracture.
The greater than unity contracture to tetanus ratio in 
soleus fibres is unexpected because care was taken to obtain 
optimum stimulus and recording parameters for tetani and only 
results from bundles in good condition were accepted. Also 
additional contraction tension produced by action potentials 
induced by the depolarisation would only add tension to the 
early part of the contracture and could not contribute to the 
peak tension (Dulhunty & Gage, 1985), because the active sodium 
conductance inactivates rapidly (Adrian, Chandler & Hodgkin, 
1970; Ildefonse & Rougier, 1972) compared to the contracture 
tension rise time.
The increased T-tubular length constant, as a result of 
low chloride containing bathing solutions, would have produced 
a larger contracture to tetanus tension ratio than in other 
studies on mammalian preparations, with high chloride 
conductance. However contracture to tetanus ratios of 1.1 have 
been obtained from amphibian preparations (Hodgkin & Horowicz, 
1960). The reason for this paradoxical ratio is not clear and 
is perhaps related to the simultaneous and maintained 
depolarisation of the muscle surface and T-tubular membrane 
during the exposure to solutions with high external potassium 
concentration. This is in contrast to the asynchronous 
depolarization and repolarization during tetanic stimulation 
which would be out of phase on the surface and T-tubule 
membrane because of the finite action potential conduction 
velocity down the T-tubules and along the surface membrane. 
Another factor causing the maximum contracture to tetanus ratio 
to be larger than one, may be that the lower than physiological 
temperature used may have favoured the activation by continuous
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depolarisation rather than the rapid oscillations produced by 
action potential trains. Also the lower than normal sodium 
concentrations necessary to maintain normal ionic strength in 
Na2 SC> 4 solutions may have reduced action potential overshoot 
(Nastuk & Hodgkin, 1950) and hence reduced tension of the 
twitch and tetanus.
2.4.5 INACTIVATION OF CONTRACTION
The greater susceptibility of e.d.l. fibres to steady 
state inactivation than soleus fibres was demonstrated using 
potassium contractures. The findings agreed with the 
inactivation of contraction recorded using voltage clamp 
techniques (section 2.3.4). Soleus fibres could maintain 
maximum tension at holding potentials up to -38 mV and still 
have thresholds similar to that of resting potential up to -40 
mV. The slight lowering of threshold at holding potentials 
between -70 mV and -50 mV was not seen in the potassium 
contracture experiments. In potassium induced depolarisations 
in the range of -68 mV to -54 mV, the test contracture to -3 mV 
(200 mM potassium) was reduced by 32% to 39%, whereas voltage 
clamped holding potentials of -70 mV to -50 mV decreased 
contraction threshold by only 2 mV to 4 mV. If inactivation 
were due to depletion or accumulation of a substance then 
diffusion would limit its effect in the point voltage clamp 
experiments and give the different results from the potassium 
depolarisation experiments. To explain the results it would be 
necessary for e.d.l. fibres to have a greater sensitivity to 
the substance or for it to be produced in greater amounts than 
in soleus. Alternatively the threshold for contraction may be 
affected in a different manner to the maximum tension by 
inactivation.
Inactivation may have had a stronger influence if 
activating test stimuli were below maximum, such as with the 
e.d.l. fibres in this study. Measurements of inactivation in
44
soleus bundles using submaximum test contractures, which had 
relative contracture amplitudes (contracture to control tetanus 
ratio) of 0.98 and 0.72, compared with the maximum of 1.19, 
showed that inactivation was not affected by using test 
activations below the largest activation achieved in e.d.l. 
bundles (0.81). Therefore the greater inactivation in e.d.l. 
compared to soleus fibres, seen with potassium depolarizations, 
was a true reflection of the higher sensitivity of e.d.l. 
muscles to depolarization away from the resting membrane 
potential.
A similar technique was used to quantify inactivation in 
amphibia by others (LÜ gau & Spiecker, 1979). Attempts have 
been made in mammalian preparations, but the results were 
questionable due to poor recovery of tension after potassium 
contractures (Lorkovifc, 1971), and the use of large muscle 
bundles in the presence of normal chloride concentrations 
(Anwyl, Bruton & McLoghlin, 1984; Graf & Schatzmann, 1984), 
where diffusion severely retarded the rate of membrane 
potential changes, and the high chloride conductance had 
disadvantages discussed in section 2.3.2.
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3 ACTIVATION AND INACTIVATION OF CONTRACTION IN E.D.L. AND 
SOLEUS FIBRES FROM T3 TREATED RATS
3.1 INTRODUCTION
Previous reports have shown that T^-treatment alters 
contractile properties (Fitts, Winder, Brooke, Kaiser &
Holloszy, 1980; Gold, Spann & Braunwald, 1970; Nicol & Bruce, 
1981) without any detectable change in myosin calcium ATPase 
activity in e.d.l. fibres and in the short term (2 to 4 weeks 
of T^-treatment) in soleus fibres, as determined by 
histochemical techniques (Capö & Sillau, 1983; Nicol & Bruce, 
1981). If contractile activation is altered by T^-treatment 
then the voltage dependence of activation should change when 
the contractile properties are altered by T^-treatment.
Voltage clamp threshold measurements and potassium 
contracture experiments were done to determine if T^-treatment 
caused any changes in activation and inactivation and whether 
such changes could account for the altered contractile 
properties.
3.2 METHODS
3.2.1 ANIMAL TREATMENT AND TISSUE PREPARATION
Rats were selected at random from the litters used for 
control experiments. They were treated with daily 
intraperitoneal injections of tri-iodothyronine (T3) 140 
ug/Kg/day for 14 days or 8 weeks. The rats were kept in cages 
in an air conditioned room maintained at 25±5°C with food and 
water supplied freely.
The T3 solution used to inject the rats was prepared by 
dissolving tri-iodothyronine (Sigma) 10 mg/100 ml in filtered 
(0.2 um, Millipore), distilled water to which NaOH was added to 
bring the pH to 10. Sodium Chloride, 0.9 g/l00ml, was added as 
dry crystals and the pH brought to 7.4 with 100 mM HC1
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solution.
Soleus and e.d.l. muscles were removed from the rats and 
handled in the same manner as the control muscles described in 
section 2.2.1.
3.2.2 SOLUTIONS
The solutions used for potassium contractures and 
threshold measurements were of the same composition as those 
used for control experiments (Table 2.1, section 2.2.2). In 
some experiments resting membrane potentials were recorded in a 
Krebs solution containing normal chloride concentration (160 
mM, solution N, Table 2.1). In these experiments muscles were 
placed in this solution immediately after removal from the 
animal.
3.2.3 TISSUE HANDLING
Preparations from T^-treated animals were handled in a 
manner identical to control preparations, except were noted.
3.2.4 DATA ANALYSIS
Analysis of twitch, tetanus and potassium contracture 
records was carried out using the system described in section 
2.2.10. In addition, peak contraction amplitudes, 20% to 80% 
rise times, 80% to 20% fall times, 50% fall times of twitches 
and time to fall to 50% from the cessation of tetanic 
stimulation were measured. Contraction records were displayed 
on an oscilloscope and markers placed at the baseline, peak, 
20%, 50% and 80% levels by the computer. The operator could 
interrupt the program and make corrections if an error was 
made, for example, if the program regarded a spurious transient 
as a valid contraction. Parameters were stored as text files 
and processed using a spread sheet package (Lotus 123).
T a b le  3 .1  R ise  and f a l l  t im e s  o f  t h e  i s o m e t r i c  t w i t c h  i n  s o l e u s  
e . d . l .  m u sc l e s  f rom no rm a l  and T3 t r e a t e d  a n im a l s  (14 d a y s ) .
c o n t r o l  t r e a t e d  p
s o l e u s
Rise  t im e  (ms) 6 0 + 5  (18 )  27 ± 1 .9  (24 )
20% to  80%
F a l l  t im e  (ms) 325 + 48 (18 )  290 ± 30 (24)
Peak to  50%
e . d . l .
R i s e  t im e  (ms) 14 ± 0 .3  (25)  11 ± 0 .4  (25)
20% t o  80%
and
( t - t e s t )
< 0.001
n . s  .
< 0.001
F a l l  t im e  (ms) 
Peak to  50%
47 + 2 .7  (25 ) 61 ± 2 . 3  (25 ) < 0.001
Table 3.2 Decay time of the fused isometric tetanus in soleus
and e.d.l muscles from normal an Tß treated animals (14 days).
control Tß treated p (t-test)
soleus
Decay time (ms) 371 ± 30 (19) 215 ± 15 (24) <0.001
80% to 20%
e.d.l.
Decay time (ms) 48 + 3.9 (25) 40 + 1.7 (25) <0.001
80% to 20%
mean + s.e. (number of bundles).
Table 3.3 Twitch to tetanus ratio in soleus and e.d.l. bundles from
normal and T 3  treated rats (14 days).
soleus
e.d.l.
control
0.11 ± 0.01 (19) 
0.17 ± 0.01 (25)
T 3  treated 
0.087 ± 0.004 (24) 
0.091 ± 0.006 (25)
p (t-test) 
<0.05 
<0.001
mean ± s.e (number of bundles).
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3.3 RESULTS
3.3.1 THE EFFECTS OF T3-TREATMENT ON THE TIME COURSE OF
TWITCH CONTRACTION
Elevated T^ levels cause changes in the contractile 
properties of striated muscles (see section 3.1). The rise and 
relaxation time of the isometric twitch and tetanus were 
measured, to confirm that the dose of T^ used was affecting the 
mechanical properties of rat e.d.l. and soleus muscles.
Rise time was measured from the time taken for tension to 
increase from 20% to 80% of the peak twitch and the decay time 
from the time for tension to fall from the peak to 50% of the 
maximum tension. T^-treatment caused a 20% decrease in the 
rise time in e.d.l. and a 55% decrease in soleus muscles (p < 
0.001, t-test, Table 3.1). The fall time was decreased by 11% 
in soleus (not significant, t-test) and increased by 30% in 
e.d.l. (p < 0.001, t-test, Table 3.1).
3.3.2 EFFECT OF T3-TREATMENT ON TETANUS RELAXATION TIME 
The rate of relaxation of isometric tension after
termination of tetanic stimulation provides an estimate of the 
rate of calcium uptake at the end of the active state of 
contraction (Dawson, Gadian & Wilkie, 1980; Freyer & Neering, 
1985; Griffith, Khun, Güth & Rüegg, 1979; Pagala, 1980; Stein, 
Gordon & Shriver, 1982). The time for relaxation from 80% to 
20% of the tension at the cessation of electrical stimulation 
was shortened by 42% in soleus and 17% in e.d.l. muscles after 
treatment with T^ (p < 0.001, Table 3.2).
3.3.3 THE EFFECTS OF T3-TREATMENT ON TWITCH TO TETANUS RATIO 
The twitch to tetanus ratio is normally greater in e.d.l.
fibres than in soleus (Table 3.3). It was of interest to 
discover whether the ratio changed with contraction speed in 
e.d.l. and soleus fibres after T^-treatment. The twitch to
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tetanus ratio in e.d.l. dropped dramatically by 46% (p < 0.001, 
t-test, Table 3.3). The ratio in soleus muscle fibres 
decreased by 21% after rats had been treated with T3 for 2 
weeks (p < 0.05, t-test, Table 3.3). These changes, as well as 
the increased fall of the twitch in e.d.l. fibres, suggest that 
the properties of excitation-contraction coupling are altered 
in a complex manner and do not simply change in parallel with 
contraction time. Fibres do not simply become more like normal 
fast twitch e.d.l. fibres when the speed of contraction 
increases with T^-treatment.
3.3.4 THE EFFECTS OF T3-TREATMENT ON RESTING MEMBRANE 
POTENTIALS IN NORMAL AND LOW CHLORIDE SOLUTIONS
Changes in contractile properties may be due to 
alterations in the resting membrane potential after T3- 
treatment. In the low chloride ([Cl-] = 16 mM) control 
solution (solution A, Table 2.1), the average resting membrane 
potential from normal fibres was -86 mV for both soleus and 
e.d.l. In rats treated for 14 days with T3 the average 
potentials were -83 mV for e.d.l. and -84 mV for soleus (Table 
3.4). T^-treatment for eight weeks in soleus muscle and for 
two weeks in e.d.l. muscle produced a small but statistically 
significant decrease in membrane potential measured in low 
chloride solution (solution A, Table 2.1) (p < 0.05, t-test, 
Table 3.4). The small difference in resting membrane potential 
between normal and treated fibres was not large enough to have 
had an appreciable effect on twitches, tetani or excitation- 
contraction coupling.
The possibility that the large differences in membrane 
potential after T^-treatment reported by others (Gruener,
Stern, Payne & Hannapel, 1975; Hoffmann & Denys, 1972; McArdle, 
Games & Sellen, 1977) were due to changes in chloride 
permeability was explored by measuring the resting membrane 
potentials of fibres in a Krebs solution that contained a
Table 3.4 Resting membrane potentials (Vm) recorded in low and normal 
external chloride concentrations from muscles obtained from normal 
and animals treated with Tß.
Soleus e.d.l.
v m  (mV) vm  (mV)
[Cl ] = 160 mM
Control -74.9 ± 0.2 (102) -75.2 ± 0.3 (83)
Tß treated 
(14 days)
-75.2 ± 0.3 (96) -75.0 ± 0.4 (83)
Tß treated 
(8 weeks)
-75.0 + 0.3 (85) -74.1 ± 0.4 (85)
p (anova) n.s. n.s.
[Cl ] = 16 mM
Control -85.9 ± 0.3 (115) -83.0 ± 0.2 (125)
Tß treated 
(14 days)
-85.6 ± 0.3 (134) -83.7 ± 0.2 (131)*
Tß treated 
(8 weeks)
-84.7 ± 0.3 (80)* -83.5 ± 0.3 (68)
p (anova) <0.05 <0.05
mean ± s.e. (number of fibres).
Significantly different from control (p < 0.05, t-test).
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normal physiological chloride ion concentration (solution N, 
[Cl-] = 160 mM, Table 2.1). At two weeks and eight weeks after 
commencement of T^-treatment, the resting membrane potentials 
were not significantly different from control in e.d.l. and 
soleus fibres (analysis of variance (anova), Table 3.4).
The similar resting membrane potentials of fibres from 
normal and T^-treated animals in low or normal chloride 
concentrations demonstrates that membrane potential differences 
could not have altered the contractile properties of slow or 
fast twitch muscle after T2 ~treatment.
3.3.5 THE EFFECTS OF T3-TREATMENT ON ACTIVATION OF 
CONTRACTION USING POTASSIUM CONTRACTURES
In chapter 2 it was shown that activation had a different 
tension membrane potential relationship in normal fast and slow 
twitch muscles. Activation was assessed in e.d.l. and soleus 
fibres using potassium contractures, to determine whether 
tension produced by depolarisation above threshold was altered 
by T^-treatment, in a manner that was consistent either with 
the changes in contraction threshold (section 3.3.7) or twitch 
contraction time (section 3.3.1).
3.3.5.1 MEMBRANE POTENTIAL OF MUSCLE FIBRES IN VARIOUS 
POTASSIUM CONCENTRATIONS
The resting membrane potential of fibres was not altered 
by T 3 ~treatment (see section 3.3.4). However others have 
reported changes in passive membrane properties (Dulhunty, Gage 
& Lamb, 1986; McArdle, Games Sc Sellin, 1977; Grosse, 1978), 
Na+/K+ pumping (McArdle, Games Sc Sellin, 1977; Ismail-Beigi Sc 
Edelman, 1970, 1971), internal potassium concentration (Ismail- 
Beigi Sc Edelman, 1973), potassium conductance (Grosse, 1976) 
and after potential (Gruener, Stern, Payne Sc Hannapel, 1975). 
Since these changes could alter the relationship between 
external potassium concentration and membrane potential during
Figure 3.1 Average relative potassium contracture tension 
versus membrane potential in bundles of (A) e.d.l. and (B) 
soleus fibres, from normal and T3-treated rats. The abscissa 
is the membrane potential measured in high potassium solutions 
in separate experiments. Curves were fitted by eye. (A) 
Relative tension was increased by T^-treatment and the tension 
voltage relationship shifted to more negative potentials. (B) 
Tß-treatment reduced the maximum tension produced by soleus 
fibre bundles and moved the tension voltage relationship to 
more positive potentials. Normal fibres: Tm=0.82, V2= -20, 
k=2.6. Treated fibres: Tm=1.2, Tm= -29.5, k=3.5. Error bars
are + 1 s.e.
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A
EDL NORMAL1.2 -
EDL T3
1.0 -
0.8  -
0.6  -
0 .4  -
0.2  -
SOLEUS NORMAL1.2 -
SOLEUS
1.0 -
0.8  -
0.6  -
0 .4  -
0.2 n
MEMBRANE POTENTIAL (m V )
Table 3.5 Membrane potentials (Vm) recorded in various external 
potassium concentrations [K+].
[K+] Control t3 Pooled
Control and T
(mM) Vn, (mV) Vm (mV) Vm (mV)
Extensor Digitorum Longus
3.5 -83.0 ± 0.2 (125) -83.7 ± 0.2 (131) 84.3
10 -67.6 + 0.9 (24) -66.5 ± 0.5 (20) 67.1
20 -54.9 ± 0.7 (22) -53.2 ± 0.8 (22) 54.0
40 -37.9 ± 0.8 (22) -38.6 ± 0.8 (21) 38.3
80 -24.8 ± 0.5 (22) -25.8 ± 0.4 (20) 25.3
120 -17.4 + 0.5 (22) -14.2 ± 0.7 (17) 16.0
160 -9.4 ± 0.8 (23) -8.0 ± 0.5 (24) 8.6
200 -2.7 ± 0.6 (23) -3.1 ± 0.5 (21) 2.9
Soleus
3.5 -85.9 + 0.3 (115) -85.6 + 0.3 (134) 85.7
10 -69.5 ± 0.6 (22) -68.1 ± 0.6 (23) 68.8
20 -54.8 ± 0.7 (18) -51.6 + 0.4 (23) 53.0
40 -40.3 ± 0.6 (20) -38.0 ± 0.6 (21) 39.1
80 -27.2 + 0.4 (16) -24.2 ± 0.5 (21) 25.5
120 -16.0 ± 0.4 (29) -12.1 ± 0.5 (23) 14.3
160 -8.0 + 0.8 (20) -6.8 ± 0.4 (22) 7.4
200 -1.6 ± 0.4 (21) -3.1 ± 0.3 (26) 2.4
mean + s.e. (number of fibres)
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potassium contractures, membrane potentials in different 
external potassium concentrations were examined in fibres from 
T^-treated animals.
Membrane potentials recorded in potassium concentrations 
from 3.5 to 200 mM (solutions B to I, Table 2.1) are shown in 
Table 3.5. Membrane potentials were not consistently different 
from normal (Table 3.5) in fibres from animals that were 
treated with T^ for 14 days.
The potentials from normal and T^-treated animals were 
pooled for each muscle type (Table 3.5) to calibrate external 
potassium concentration with membrane potential, since 
treatment with T3 did not significantly alter the membrane 
potential.
3.3.5.2 ACTIVATION OF CONTRACTION BY POTASSIUM DEPOLARIZATION
The criteria used for the acceptance of potassium 
contracture data in muscle bundles from T^-treated animals were 
the same as those used for control bundles (see section 
2.3.1.2). Boltzmann curves were fitted to the average data 
(see section 2 .3 .1.2) to provide a basis for comparison.
E.d.l. fibres from T^-treated rats behaved more like 
normal soleus fibres (Figure 3.1a). Relative tension 
(contracture to maximum tetanic tension) was shifted to more 
negative potentials (T^-treated, V2=-24 mV cf. control, V2=-20 
mV) and the relative tension was greater (T=0.98+0.04, n=19) 
than control bundles (T=0.81±0.03, n=22) for 200 mM potassium.
The activation curve for soleus was shifted to the right 
(V2=-24.8 mV) after Tß-treatment, to more depolarized 
potentials than in normal soleus fibres (V2=-29.5 mV). The 
relative tension in 200 mM potassium in bundles from T^-treated 
rats was less (T=1.19+0.03, n=21) than from the relative 
tension in control bundles (1.06+0.02, n=28) and tension did 
not reach a plateau (Figure 3.1b).
In summary, the e.d.l. and soleus fibres from T^-treated
Figure 3.2 Average normalised tension produced by a test
depolarisation to -3 mV (200 mM potassium) during exposure to 
conditioning solutions which depolarised fibres to potentials 
shown in the abscissa. Tension was normalised to the test 
contracture tension recorded before the conditioning 
depolarisation. (A) Inactivation in muscle from Tß-treated 
animals was less than in normal e.d.l. fibres between -83 mV to 
-30 mV. At potentials more positive than -30 mV, tension was 
less than normal. (B) In soleus fibres from T^-treated 
animals, more tension was developed than in control with 
conditioning depolarisation to potentials between -68 mV to -54 
mV. At potentials more positive of -50 mV, tension in fibres 
from treated animals was less than control.
INACTIVATION MCiAFD,,,M
«dl norm al
1.0  -
0.8  -
0.6  -
0 .4  -
0.2 -
- 9 0 - 7 0 - 5 0 - 3 0 - 1 0
sol norm al
1.0  -
sol T3
0.8 -
0.6  -
0 .4  -
0.2  -
- 1 0- 9 0 - 7 0 - 3 0- 5 0
CONDITIONING POTENTIAL (m V )
Table 3«6 Membrane potentials (Vm) in a series of potassium
concentration changes used to measure mechanical inactivation
[K+] (mM) 3.5
Vm (mV)
20
Vm (mV)
200
Vm (mV)
3.5
Vm (mV)
Soleus
normal
-84.4 ± 0.7 
(12)
-54.6 ± 1.2 
(12)
-4.1 ± 0.9 
(12)
-83.1 ± 0.5 
(9)
Soleus
Tß (14 days)
-83.8 ± 0.5 
(24)
-51.8 ±0.8 
(29)
-3.5 ±0.2 
(26)
-83.3 ± 0.4 
(25)
e • d . 1 •
normal
-83.0 ± 0.7 
(12)
-56.0 ± 1.0 
(10)
-3.8 ± 0.4 
(13)
-84.3 ± 1.3 
(10)
e.d.l.
(14 days)
-83.3 ± 0.7 
(13)
-54.4 ± 0.9 
(13)
-3.7 ± 0.3 
(14)
-83.5 ± 0.5 
(13)
mean ± s.e. (number of fibres).
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rats had similar properties. The Boltzmann curves fitted 
through average data fell between the curves for normal e.d.l. 
and soleus fibres. The shift in soleus fibre activation 
properties is consistent with the faster twitch contraction 
times (section 3.3.1)/ but the change in e.d.l. fibres is not. 
The twitch fall times are, however, correlated with the changes 
in activation with T^-treatment.
3.3.6 EFFECTS OF T3-TREATMENT ON INACTIVATION OF CONTRACTION 
USING POTASSIUM CONTRACTURES 
High potassium concentration solutions were used to 
depolarise e.d.l. and soleus fibre bundles to determine whether 
T^-treatment altered the voltage dependence of inactivation, 
since changes in inactivation could influence contractile 
properties.
3.3.6.1 MEMBRANE POTENTIALS IN THE POTASSIUM
CONCENTRATIONS USED FOR INACTIVATION EXPERIMENTS 
Changes in ionic composition and electrical properties 
reported for fibres from animals with raised thyroid hormone 
levels (see section 3.3.5.1) suggested that the steady state 
relationship between external potassium concentration and 
membrane potential might be altered. To check that the 
relationship had not changed, the sequence of solutions used to 
test for inactivation in 20 mM potassium was applied to e.d.l. 
and soleus fibres from Tß-treated animals. The membrane 
potentials recorded were similar in control fibres and fibres 
from T3“treated rats for e.d.l. and soleus muscles (Table 3.6). 
Therefore the changes in membrane potential produced by 
increasing the potassium concentration from a pre-existing high 
external concentration were similar to those obtained when the 
potassium concentration was raised directly from 3.5 mM.
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3.3.6.2 STEADY STATE INACTIVATION OF CONTRACTION
The protocol used to measure inactivation was described in 
detail in section 2.3.2.2. Inactivated tension was normalised 
to control tension for individual bundles and average data is 
shown in Figure 3.2.
By definition the normalised tension at -84 mV was unity. 
The absolute contracture to tetanus ratios were given in 
section 3.3.5.2. Inactivation reduced tension to a smaller 
extent in e.d.l. fibres from T3~treated animals than control 
fibres over the range of conditioning potentials of -68 mV to - 
38 mV (Figure 3.2a). The reduced inactivation was not due to 
the change in the activation curve after T^-treatment (see 
section 2.3.3).
In soleus fibres from treated animals, the amplitude of 
contraction with conditioning depolarisation between -68 mV and 
-39 mM were larger than unity (Figure 3.2b), so that mild 
depolarisation potentiated the potassium contracture in these 
fibres. Tension fell steeply with conditioning voltages 
between -38 mV and -25 mV in soleus fibres from T^-treated 
animals. At -25 mV and more positive potentials the 
inactivation curve in soleus fibres from T^-treated animals was 
shifted to more negative potentials, than the normal. The 
difference between the relative tension in fibres from normal 
and T^-treated animals was significant at -39 mV and -25 mV (p 
< 0.05 and p < 0.001 respectively, t-test).
3.3.7 THE EFFECTS OF T3-TREATMENT ON CONTRACTION THRESHOLD 
IN E.D.L. AND SOLEUS MUSCLE FIBRES
The threshold for contraction was further from the resting 
membrane potential in fast twitch than in slow twitch fibres 
(see section 2.3.4). It was possible that the speed of the 
twitch was, in some way, determined by contraction threshold. 
One test for this hypothesis was to see whether the threshold 
for contraction became more negative when the twitch speed was
Figure 3.3 Average contraction threshold in e.d.l. fibres from
normal and T^-treated animals. The potential that just 
elicited shortening of sarcomeres, is plotted against pulse 
duration. (A) Contraction thresholds for pulse durations 
between 1.5 ms to 15 ms. (B) Data from the same fibres as in A 
but for pulse durations from 10 ms to 1920 ms. Contraction 
threshold were significantly lower than control in fibres from 
T3~treated animals. Data from 21 fibres obtained from muscles 
from control animals and 12 fibres from T^-treated animals. 
Error bars are + 1 s.e. Note that in B, for clarity, errors 
have been omitted from the points for pulse duration less than 
60 ms. Fibres were kept in low chloride concentration 
solutions (solution A Table 2.1) with 1.5 urn Tetrodotoxin at 
21° to 23°C. Membrane potential was held at -80 mV between 
pulses.
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Figure 3.4 Average contraction threshold in soleus fibres from
normal and T^-treated animals. The data is plotted in the same 
way as in Figure 3.3. (A) Contraction thresholds for pulse
durations between 1.5 ms and 15 ms. (B) Data from the same 
fibres as in A but for pulse durations between 10 ms and 1920 
ms. Contraction thresholds in normal soleus fibres and T^- 
treated animals were not significantly different for pulses 
longer than 10 ms. Data from 18 fibres obtained from muscles 
of control animals and 12 fibres from T^-treated animals.
Error bars are + 1 s.e. Half errors bars are on points where 
the difference between normal and control was not significant.
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increased in muscles from T^-treated rats (section 3.3.1).
Intracellular recording was more difficult in the small 
diameter fibres (Cap6 & Sillau, 1983; Dulhunty, Gage & Lamb, 
1986; Nicol & Bruce, 1981) from T^-treated animals. The fibres 
were easily damaged by microelectrode impalement and higher 
resistance electrodes of 5 to 7 Mohm had to be used in the 
experiments. Individual fibres could not be studied for long 
periods because the strength of the contractions faded, making 
the visual determination of threshold more difficult after 
extended periods under voltage clamp. This was not due to a 
change in contraction threshold. The reduced contraction 
strength occurred at the same time as a large voltage dependent 
outward current appeared. The current was seen at lower 
voltages and inactivated more rapidly as the period of voltage 
clamp of the fibre increased. Neither the weaker contractions 
or the outward current affected the accuracy of the voltage 
clamp threshold measurements, and the criteria used for 
accepting data were the same as those used for the control 
fibres (see section 2.3.4), i.e. that the thresholds were 
reproducible to within 1 mV.
Results from e.d.l. muscles from control animals (21 
fibres) and from T^-treated animals (12 fibres) are shown in 
Figure 3.3a and 3.3b. The contraction thresholds in the fibres 
from T^-treated animals were consistently more negative than 
control, by about -5 mV (at 30 ms, Figure 3.3b, p < 0.05, t- 
test). The difference was greater for pulse durations less 
than 5 ms (Figure 3.3a).
No significant difference (p > 0.05, t-test) was observed 
between the thresholds in control soleus fibres (18 fibres) and 
fibres (12 fibres) from T-^-treated animals for pulse durations 
longer than 5 ms (Figure 3.4b). However thresholds were lower 
than normal when pulse durations shorter than 3 ms were used 
(Figure 3.4a and b). The lower contraction threshold in e.d.l. 
and soleus fibres from T^-treated rats may have been due to an
Figure 3.5 The effect of membrane potential on the contraction 
threshold for a 15 ms test pulse in typical fibres.
Measurements were made after the threshold had achieved a 
steady state at each holding potential. (A) Thresholds of an 
e.d.l. cell from a T^-treated animal (open circles) were at 
more negative potentials and rose less steeply with voltage at 
more depolarised holding potentials than the control fibres 
(closed circles). (B) Thresholds of a soleus cell from a T3- 
treated animal (triangles) rose rapidly with holding potential 
and at more negative potentials then the control soleus fibres 
(squares) .
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effect of the hormone on the passive electrical properties of 
the T-tubules, or it may have been due to an effect of on 
excitation-contraction coupling.
These results can not simply explain the changes in 
contractile properties that occurred after T^-treatment. The 
lower contraction threshold in e.d.l. could account for the 
increased twitch contraction speed, since the muscle action 
potential would provide a larger depolarisation above threshold 
to the contraction activation processes. However, soleus 
muscle contraction times shortened more than those of e.d.l. 
muscle after T 3 ~treatment and the contraction threshold was not 
changed in soleus fibres. This suggests that processes other 
than those associated with the determination of contraction 
threshold, caused the altered contractile properties.
3.3.8 STEADY STATE MEMBRANE POTENTIAL DEPENDENCE OF
CONTRACTION THRESHOLD IN FIBRES FROM T3-TREATMENT 
ANIMALS
Measurements of the voltage dependence of contractile 
inactivtion at different holding potentials showed that 
inactivation was altered in e.d.l. and soleus fibres after T3 - 
treatment (section 3.3.6 .2) in an unexpected manner.
Contraction thresholds were measured at various holding 
potentials using voltage clamp techniques in order to confirm 
the results obtained with potassium contractures.
The lower threshold for contraction in e.d.l. fibres from 
T^-treated animals described in section 3.3.7 is also 
illustrated in Figure 3.5a. After Tß-treament inactivation was 
apparent at more positive potentials than in the normal e.d.l. 
fibres. The soleus fibre from a Tß-treated rat (Figure 3.5b) 
demonstrated inactivation at a more negative potential.
The grouped data from the control rats and from T^-treated 
rats have been expressed as the percentage of cells in each 
category that were inexcitable at each membrane potential
Figure 3.6 The fraction of cells that did not contract in
response to a 15 ms test pulse with an amplitude greater than 
+20 mV, at holding potentials from -60 mV to 0 mV. (A) The 
intercept voltage at which 50% of cells were inexcitable was - 
36 mV for normal e.d.l. fibres and -25 mV for fibres from T^- 
treated animals. Inactivation in e.d.l. fibres was at more 
positive holding potentials after T^-treatment. (B) The 
voltage at which 50% of soleus cells were inexcitable was -27 
mV from normal cells and -42 mV from cells from T2~treated
animals.
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(Figure 3.6a and b). Expressing the data in this manner 
provided a measure of inactivation of contraction as a function 
of holding potential. Note that the number of cells sampled 
were low, because only a few reproducible estimates of 
threshold over the full range of membrane potential could be 
obtained. This was due to difficulties in recording from 
fibres of T3~treated animal (see section 3.3.7). The figures 
show that the potential at which 50% of e.d.l. fibres (n=6) 
from T^-treated rats were inactivated was -25 mV (Figure 3.6a). 
This is close to the potential (-27 mV) at which 50% of normal 
soleus fibres (n=14) became inexcitable (Figure 3.6b). 50% of
soleus fibres (n=7) from T^-treated rats were inexcitable at - 
42 mV (Figure 3.6b), i.e. a potential more negative than that 
required for inactivation of 50% normal soleus fibres, and was 
close to the potential (-25 mV) at which 50% normal e.d.l. 
fibres (n=17) were inactivated (Figure 3.6a).
Tß-treatment had parallel effects on the rate of decay of 
the twitch and on inactivation in both soleus and e.d.l. 
fibres. The faster decay of the twitch in Tß-treated soleus 
muscles correlates with inactivation in these fibres occurring 
at more hyperpolarized potentials than in normal soleus fibres. 
In addition the longer decay of the twitch in T^-treated e.d.l. 
was consistent with inactivation becoming less sensitive to 
depolarisation. The change of both these parameters in soleus 
might have been fortuitous but the unexpected changes in e.d.l. 
twitch relaxation and the voltage dependence of inactivation 
provides evidence to suggest that inactivation and twitch decay 
time might be related.
3.3.9 SUMMARY
Treatment of rats with T3 for up to 8 weeks did not change 
the membrane potential of e.d.l. or soleus fibres in normal 
bathing solution, in a solution which reduced the chloride 
conductance of the fibre membrane, or in solutions with high
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potassium concentrations. Therefore, changes in contractile, 
activation and inactivation parameters after T^-treatment were 
not caused by shifts in membrane potential.
Activation and inactivation were substantially affected by 
raised levels of T3  in a predictable manner in soleus fibres: 
i.e. soleus properties became more like those of fast twitch 
muscle, and were correlated with twitch time course and decay 
of tetanic tension. Of particular interest were the unexpected 
changes in e.d.l. muscle, which developed faster twitch 
contraction times and faster decay of tension during tetani 
after T^-treatment, yet the activation and inactivation 
properties had become more like those of a slow twitch muscle. 
It may be significant that the decay of the e.d.l. twitch is 
slower in e.d.l. fibres after T^-treatment.
The findings illustrate the fact that changes in 
excitation-contraction coupling are not necessarily associated 
with changes in twitch contraction times and the twitch to 
tetanus ratio.
3.4 DISCUSSION
3.4.1 EXCITATION CONTRACTION COUPLING IN E.D.L. AND SOLEUS 
MUSCLE FIBRES FROM T3-TREATED RATS
Short term treatment of rats with T3  caused substantial 
changes in twitch contraction time and excitation-contraction 
coupling of both fast and slow twitch muscles. The voltage 
dependence of the activation for soleus fibres shifted to the 
right and inactivation became more sensitive to depolarisation. 
This would make soleus more difficult to activate, especially 
during prolonged stimulation and may be significant in causing 
muscle weakness and fatigue in patients with thyrotoxicosis 
(Mornex & Orgiazzi, 1980). The contraction times for e.d.l., 
like soleus fibres became faster, but changes in the voltage 
dependence of activation and inactivation were opposite to
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those observed in soleus. Contraction was elicited with less 
depolarisation than in the control e.d.l. fibres and 
inactivation occurred at more depolarised potentials. The nett 
effect in e.d.l. fibres from T^-treated rats was that they were 
more excitable. The membrane potential in e.d.l. and soleus 
fibres did not change from normal even though the rats went 
through characteristic periods of excitability followed by 
lethargy during T^-treatment. These findings agree with other 
studies on e.d.l. fibres, but disagree in soleus fibres 
(Gruener, Stern, Payne & Hannapel, 1975; Hoffmann & Denys,
1972; McArdle, Games & Sellin, 1977). Also no change was found 
in the relationship of external potassium concentration to 
membrane potential.
Tß-treatment caused the excitation-contraction properties 
in slow twitch soleus muscles to become more like those of 
normal fast twitch e.d.l., and the muscle developed faster 
contractile properties at the same time. On the other hand 
excitation-contraction coupling properties in e.d.l. fibres 
from T3~treated animals were more like those of normal slow 
twitch fibres, even though the fibres had faster than normal 
contractile properties. The shifts in activation and 
inactivation parameters due to T^-treatment can not simply 
explain the changes in contractile properties.
3.4.2 THE EFFECT OF T3-TREATMENT ON TWITCH CONTRACTION
Faster isometric twitch contraction and relaxation times 
in slow twitch muscles have been reported after treatment of 
animals with T3 (Fitts, Brimmer, Troup & Unsworth, 1984; 
Montgomery, 1984; Nicol & Bruce, 1981; Nicol & Maybee, 1982). 
However the effects on fast twitch muscles have not been as 
well investigated. T3~treatment for periods 3 times longer (6 
weeks) than those used in this study produced no effect on the 
overall e.d.l. twitch time course (Fitts, Brimmer, Troup & 
Unsworth, 1984), with the contraction time being shortened and
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the relaxation time increased (Nicol & Bruce, 1981). The 
factors that determine contraction time will be considered in 
order to discuss what might have caused the changes in T^- 
treated animals.
The faster isometric twitch contractions in T^-treated 
soleus and e.d.l. fibres after T^-treament may be due to more 
rapid release of calcium from the sarcoplasmic reticulum. The 
rate of change of free myoplasmic calcium during activation has 
been correlated to twitch contraction speed in fast and slow 
twitch fibres (Eusebi, Miledi & Takahashi, 1980). Quick 
release experiments, where myoplasmic calcium is in a steady 
state, suggest that the kinetics of calcium release rather than 
actin and myosin interaction is the main determinant of the 
rate of rise of isometric contractions, since the rate of actin 
myosin interactions is much faster than the rise in tension 
during normal activation (Griffiths, Kuhn, Güth & Rüegg, 1979).
Indirect evidence suggests that there may be an increase 
in the amount of calcium released by the sarcoplasmic reticulum 
during activation after T^-treatment. The amount of 
sarcoplasmic reticulum per gram of muscle increases two fold in 
soleus and slightly in e.d.l. (Kim, Witzmann & Fitts, 1982; 
Fitts, Winder, Brooke, Kaiser & Holloszy, 1980; Nwoye, 
Mommearts, Simpson, Seraydarin & Marusich, 1982), accompanied 
by a larger terminal cisternae surface area and a doubling of 
the amount of T-tubule in fast and slow twitch fibres 
(Dulhunty, Gage & Lamb, 1986). This suggests that a larger 
store of calcium is available after T^ treatment, particularly 
in soleus. A higher density of indentations has also been 
found on the terminal cisternae after T^-treatment (Dulhunty, 
1986). These structures have been proposed as the calcium 
release sites (Beringer, 1975; Dulhunty & Gage, 1985), and a 
greater number and density would produce faster stimulated 
calcium release (Dulhunty, 1986; Dulhunty, Gage & Valois,
1983).
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Steady state compliance is decreased by 30% in soleus and 
not at all in e.d.l. fibres after 2 weeks and it has been 
suggested that this may influence contraction speed (Nicol & 
Maybee, 1982). However passive mechanical properties have 
little effect on contraction speed (Close, 1964; Julian, Moss & 
Walker, 1981) and action potential duration and conduction time 
is too brief to infulence contraction speed (Buller, 1970) in 
normal fast and slow twitch muscles. Therefore it seems 
unlikely that these factors could account for the large changes 
in contraction time after T^-treatment.
Relaxation of twitch and tetanus contraction is a 
consequence of the removal of calcium from the myoplasm 
(Sandow, 1965; Ebashi & Endo, 1968). The rate of relaxation 
has been found to be a function of removal of free calcium 
(Freyer & Neering, 1985; Stein, Gordon & Shriver, 1982) and 
calcium uptake by the sarcoplasmic reticulum (Brody, 1976; 
Dawson, Gadian & Wilkie, 1980), the rate of contractile 
filament relaxation being faster than calcium removal 
(Griffith, Kuhn, Güth & Rüegg, 1979). Normal fast twitch 
fibres have three times the calcium pumping rate of slow twitch 
fibres (Briggs, Poland & Solaro , 1977; Fiehn & Peter, 1971).
This is a result of a greater amount of sarcoplasmic reticulum 
membrane (Eisenberg, 1983; Eisenberg & Kuda, 1976), and a 
higher density of pump proteins on the sarcoplasmic reticulum 
(Dulhunty, Banyard & Medvecky, 1986; Jorgensen, Shen, MacLennan 
& Tokuyasu, 1982). Twitch relaxation time after T^-treatment 
is correlated with changes in the sarcoplasmic reticulum in 
soleus fibres. T^-treatment increased the amount of 
sarcoplasmic reticulum in soleus, but had little effect on the 
amount of sarcoplasmic reticulum in e.d.l. The increase in 
sarcoplasmic reticulum was not accompanied by a change in the 
enzyme kinetics of the calcium pump in e.d.l. or soleus (Kim, 
Witzmann & Fitts, 1982; Fitts, Winder, Brooke, Kaiser & 
Holloszy, 1980) or responsiveness to cAMP, protein kinase or
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calcium independent phosphodiesterase (Salviati, Zeviani,
Betto, Nacamulli & Busnardo, 1985).
The longer relaxation time in e.d.l. fibres after T3 
treatment may be due to an action of the hormone on other 
factors that influence free calcium removal from the myoplasm. 
The myoplasmic protein parvalbumin buffers calcium, and may 
assist in the lowering of free calcium, and hence influences 
relaxation speed (Heizmann, Berchtold & Rowlerson, 1982; 
Münthener & Berchtold, 1985; Pechere, Derancourt & Haiesch,
1977) . Parvalbumin is normally present in high concentrations 
in e.d.l. but not in soleus (Celio & Heizmann, 1982;
Stuhlfauth, Reininghaus, Jockusch & Heizmann, 1984), and 
parvalbumin content can be changed by treatment such as cross 
innervation or denervation (Münthener Berchtold & Heizmann, 
1985). It is possible that protein catabolism as a result of 
T3-treatment (Carter, Benjamin & Faas, 1982) reduces the amount 
of parvalbumin in e.d.l. Increased concentration of free 
intracellular calcium as a result of parvalbumin removal may 
further suppress protein synthesis (Klug, Wiehrer, Reichmann, 
Leberer & Pette, 1983). In addition, the reduced contraction 
threshold in e.d.l. fibres from T3-treated muscle could be 
explained by a higher than normal free internal calcium.
3.4.3 THE EFFECT OF T3-TREATMENT ON TETANIC CONTRACTION
During a tetanus, calcium concentration in the myoplasm 
comes closer to steady state than during a single twitch 
(Baylor, Chandler & Marshall, 1983; Blinks, Rüdel & Taylor,
1978) . Therefore the rate of relaxation after a tetanus 
provides a better estimate of the rate of calcium uptake than 
the relaxation after a twitch. The relationship between 
relaxation and calcium removal has been observed using several 
techniques (Dawson, Gadian & Wilkie, 1980; Stein, Gordon & 
Shriver, 1982; Pagala, 1980).
The faster relaxation of the tetanus in soleus fibres
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after T3-treatment could be accounted for by the increase in 
sarcoplasmic reticulum. Others have noted faster relaxation of 
tetanic tension in fibres from T3-treated animals, compared to 
normal muscles (Fitts, Brimmer, Troup & Unsworth, 1984; Gold, 
Spann & Braunwald, 1970; Nicol & Bruce, 1981; Wiles, Young, 
Jones & Edwards, 1979).
The shorter tetanic relaxation times in e.d.l. fibres from 
T3~treated animals may be due to a small increase in the amount 
of sarcoplasmic reticulum in the fibres, or a higher density of 
Ca^+ pump proteins on the sarcoplasmic reticulum. A decrease 
in fibre parvalbumin content that would account for the longer 
twitch relaxation time in e.d.l. is contrary to the shorter 
tetanus relaxation time in e.d.l. fibres from animals with high 
T3 levels, since parvalbumin has been associated with rapid 
decay rates of tension (Heizmann, Berchtold & Rowlerson, 1 9 8 2;  
Müntherener Berchtold & Heizmann, 1 9 8 5 ;  Pechöre, Derancourt & 
Haiech, 1 9 7 7 ) .  However, if parvalbumin is saturated with 
calcium during maximum fused tetanic contractions (Melzer, Rios 
& Schneider, 1 9 8 6 )  in fibres from normal and treated animals, 
it wouldhave a greater influence on the fall time of the 
twitch than the tetanus. Longer twitch and shorter tetanic 
relaxation times in e.d.l. fibres have been observed previously 
(Nicol Sc Bruce, 1 9 8 1 ) .
3.4.4 THE EFFECT OF T3-TREATMENT ON THE TWITCH TO TETANUS 
RATIO
The twitch to tetanus ratio of e.d.l. and soleus bundles 
both decreased after T3-treatment to a common ratio of 0.09 at 
22°C. The tendency of T3 treated soleus and e.d.l. fibres to 
have similar excitation contraction coupling properties was 
also seen with the dependence of activation tension on 
potential and inactivation tension on conditioning potential. 
The drop in the twitch to tetanus ratio in e.d.l. was larger 
(46%) than the drop in soleus (21%) from control, and is in
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contrast to the similar twitch to tetanus ratios from control 
and treated soleus and e.d.l. recorded at 37°C (Nicol & Maybee, 
1982). Literature on twitch and tetanic force per muscle 
cross-sectional area indicates that the twitch to tetanus ratio 
should decrease with Tß-treatment. Nicol & Bruce (1981) found 
twitch tension per muscle cross-section increased while other 
studies (Everts, vanHardeveld, TerKeurs & Kassenaar, 1983;
Fitts, Winder, Brooke, Kaiser & Holloszy, 1980) found it 
decreased in soleus and e.d.l muscles, but force produced by a 
tetanus was not affected by T3-treatment (Fitts, Winder,
Brooke, Kaiser & Holloszy, 1980; Khaleeli & Edwards, 1984). 
Therefore the latter studies, carried out mainly on rat muscle 
at 37°C, suggest that the twitch to tetanus ratio should 
decrease with T^-treatment. Differences in temperature 
dependence of the twitch and tetanus between soleus and e.d.l. 
(Buller, Kean, Ranatunga & Smith, 1984) may contribute to the 
conflicting results at 37° and 22°C.
3.4.5 THE EFFECT OF T3-TREATMENT ON MEMBRANE POTENTIAL
The membrane potentials of e.d.l. and soleus fibres in 16 
mM external chloride, (one tenth the normal chloride 
concentration) were similar, and were not altered to any extent 
in fibres from animals treated with T 3 . This was the case over 
the entire range of external potassium concentrations used (3.5 
mM to 200 mM) and suggests that changes in internal sodium and 
potassium concentrations were unlikely after T3 ~treatment 
unless fortuitous alterations in ionic conductances also 
occurred. Chronic T3  increases sodium potassium exchange in 
skeletal muscle (Ismail-Beigi & Edelman, 1970; Ismail-Beigi & 
Edelman, 1971; McArdl.e, Games & Sellen, 1977), but serum and 
internal sodium, potassium and chloride concentration are not 
changed substantially (Ismail-Beigi & Edelman, 1973).
T3 ~treatment did not affect chloride conductance in fast 
or slow twitch muscle fibres, since the resting membrane
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potential was not different from control in normal chloride 
concentration Krebs (solution N, Table 2.1) in e.d.l. or soleus 
fibres from animals treated with T3 for up to 8 weeks.
Chloride permeability contributes to the membrane potential in 
mammalian muscles (Dulhunty, 1978; Palade & Barchi, 1977), and 
reducing chloride concentration hyperpolarises the steady state 
membrane potential, as seen in Table 3.4. Other studies found 
that T^-treatment had no effect on resting membrane potential 
in e.d.l. muscles but that slow twitch fibres were depolarised 
(Hoffman & Denys, 1972; Gruener, Stern, Payne & Hannapel, 1975; 
McArdle, Games & Sellen, 1977). It is possible that the 
depolarisation was due to damage, since fibres from T^-treated 
animals were more prone to damage by micro-electrode impalement 
(see section 3.3.8 and Hoffmann & Denys, 1972). In addition, 
reduced action potential overshoot and slower maximum rate of 
rise (Grosse, 1976) were possibly due to damage from the micro­
electrode, since the effect was reversed when fibres were 
repolarised by current injection (Gruener, Stern, Payne & 
Hannapel, 1975). Therefore there is no sound evidence to 
indicate that the action potentials are changed by T3- 
treatment.
3.4.6 THE EFFECT OF T3-TREATMENT ON CONTRACTION THRESHOLD
Contraction thresholds of soleus fibres held at -80 mV did 
not change after T^-treatment when the membrane capacitance was 
increased 30% and the T-tubule membrane per fibre volume was 
larger than normal (Dulhunty, Gage & Lamb, 1986). This shows 
that visual determination of contraction threshold in the 
presence of Tetrodotoxin was detecting contractions near the 
surface of the fibre, where spa ial decrement of the voltage 
clamp pulse down the T-tubules was minimal. Costantin and 
Taylor (1973) also found that contractions due to just 
threshold depolarisations were localised close to the fibre 
surface. However the difference from control at pulse
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durations less than 5 ms duration in both e.d.l. and soleus 
fibres may be a result of the greater amount of T-tubule 
membrane and capacitance in fibres from Tß-treated animals 
shunting very brief voltage pulses.
3.4.7 THE EFFECT OF T3-TREATMENT ON ABOVE THRESHOLD 
ACTIVATION
Treatment of animals with T^ caused the potential at which 
half maximum tension (V2 ) was produced to shift to more 
positive potentials by +5 mV in soleus and the relative maximum 
tension produced by depolarisation to -3 mV (Tm, in 200 mM 
potassium) to be reduced to 1.06, so that bundles of soleus 
fibres from treated animals behaved more like normal e.d.l. 
fibres. On the other hand the activation curve of e.d.l. 
fibres from treated animals shifted in the opposite way, 
towards curves obtained from normal soleus fibres. Tm in 
e.d.l. after T^-treatment increased to 1.0 and less 
depolarisation was required to elicit tension, V2 shifted -4 mV 
to more negative values. The activation curves for soleus and 
e.d.l. fibres from T^-treated animals were similar. 
Depolarisation beyond a membrane potential of -3 mV might have 
given more tension for normal e.d.l. bundles and for T^-treated 
e.d.l and soleus bundles. This would not alter much the 
estimated shifts in V 2 since the Tm could not be more than 20% 
greater than measured tension at -3 mV. The changes in the 
activation curves for soleus may contribute to muscle weakness 
observed in humans with thyrotoxicosis (Gimlette, 1959; Mornex 
& Orgiazzi, 1980; Ramsay, 1966). Slow twitch muscles would be 
more difficult to activate and would produce less tension 
during sust-ained neural activation. Fast twitch muscles may 
activate more readily but are used only infrequently (Hennig & 
L^mo, 1985; Luff & Webb, 1985) and when used be susceptible to 
fatigue.
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3.4.8 THE EFFECT OF T3-TREATMENT ON INACTIVATION OF 
CONTRACTION
The voltage dependence of steady state contractile 
inactivation was altered by treatment of rats with T3 for 14 
days. This was demonstrated using two independent techniques: 
measurement of the percentage of cells inexcitable at various 
holding potentials using voltage clamp techniques (Figure 3.6), 
and potassium contractures to measure activation after 
conditioning depolarisations (Figure 3.2). Inactivation 
determined by both methods occurred with less depolarisation in 
soleus after T^-treatment.
E.d.l. fibres required more depolarisation to induce 
inactivation after T^-treatment. This shift was in the 
opposite direction to that produced by T^-treatment in soleus 
fibres.
Normalised tension increased above unity with steady state 
depolarisation to -68 mV and -54 mV in soleus fibres from T3- 
treated animals (figure 3.2b). Such an increase indicates that 
the conditioning potential caused subthreshold activation, 
which summed with the activation induced by the depolarisation 
to -3 mV to give a potentiated response. Subthreshold 
activation was seen in contraction threshold experiments and 
occurred when the holding potential was depolarised to similar 
values (i.e. -70 mV to -50 mV, Figure 3.3b). The potentiation 
in soleus fibres from treated animals indicates that activation 
by depolarisation to -3 mV (200 mM potassium) was not maximum. 
The use of submaximum test contractures to probe for 
inactivation did not affect measurements of inactivation (see 
section 2.3.3), and the reduced relative tension in response to 
depolarisation to -3 mV should not have biased the estimation 
of inactivation from muscles of Tß-treated animals.
Steady state inactivation after Tg-treatment was less than 
control in soleus at potentials of -38 mV and more positive. 
E.d.l. fibres were less inactivated than control up to -38 mV,
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but at more positive potentials, inactivation was greater than 
control.
The voltage dependence of inactivation and activation were 
shifted in opposite directions by T^-treatment. In treated 
soleus fibres, activation required more depolarisation and 
inactivation less, while in e.d.l. fibre activation was at less 
negative and inactivation at more positive potentials than 
their respective control fibres. The opposite effects of the 
treatment on the voltage sensitivity of activation and 
inactivation provides proof that T3-treatment altered the 
activation and inactivation mechanisms rather than simply 
changing passive membrane properties of the fibres, so that the 
transmission of depolarisation to the contraction controlling 
structures was enhanced. The differential effects of T3- 
treatment suggest that activation and inactivation are 
different processes. Separation of the two processes has also 
been demonstrated in amphibian muscles using low external 
calcium concentration (Caputo & Bolanos, 1986; Lüttgau & 
Spiecker, 1979) and perchlorate ions (Gomolla, Gottschalk & 
Lüttgau, 1983).
3.4.9 SUMMARY
The results from this chapter show that changes in 
excitation contraction coupling after treatment with T3 were 
not due to changes in resting membrane potential, the 
dependence of potential on external potassium concentration or 
chloride conductance changes. Activation and inactivation were 
measured using two independent techniques, which qualitatively 
gave similar results. The changes in excitation contraction 
coupling were not necessarily associated with alteration in 
contractile properties. The voltage dependencies of activation 
and inactivation shifted differently in an unexpected manner. 
Fast and slow twitch fibres responded differently to T3- 
treatment.
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4 THE EFFECTS OF DIAZEPAM ON EXCITATION-CONTRACTION COUPLING
IN MAMMALIAN SKELETAL MUSCLE
4.i INTRODUCTION
Diazepam has a muscle relaxing action (Garanttini, Mussini 
& Randall, 1973) due to its effect on directly stimulated 
muscle twitches and tetani (Degroof, Bianchi & Narayan, 1980; 
Moudyl & Pleuvry, 1970), and at clinical concentrations (<20 
uM) on central (Costa Sc Guidotti, 1979) and peripheral 
processes (Bradshaw, 1979; Torda Sc Gage, 1977; Verrier,
MacCleod Sc Ashby, 1 9 7 5 )  . Most studies on the peripheral 
effects of diazepam have used amphibian preparations (see 
Degroof, Bianchi Sc Narayan, 1 9 8 0 ;  Khan, 1 9 8 3 ;  Khan Sc Edman,
1983; Moudyl Sc Pleuvry, 1970). Diazepam may have different 
effects on mammalian muscles. For example if diazepam alters 
chloride permeability in the muscle membrane, as suggested by 
Vyskocil (1977), it would affect mammalian muscles differently 
to amphibian muscles, because of the higher chloride to 
potassium permeability ratios in mammalian muscles (Palade Sc 
Barchi , 1977; Dulhunty, 1978; Gage Sc Eisenberg, 1969).
In this study the actions of diazepam on contractile 
properties and excitation-contraction coupling were examined 
using directly stimulated rat muscle. The influence of 
diazepam on twitch and tetanic contraction, membrane potential, 
action potentials and potassium contractures were investigated. 
Low chloride containing solutions (solution A, Table 2.1) were 
used for reasons discussed previously (section 2.2.2).
4.2 METHODS
4.2.1 MUSCLE PREPARATION
Extensor digitorum longus (e.d.l.) and soleus muscles were 
removed from male Wistar rats (250 g to 350 g in weight) 
immediately after they were killed. The preparations were
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dissected in a modified Krebs solution containing 16 mM [Cl-] 
(solution A, Table 2.1) and allowed to equilibrate for at least 
50 minutes before recordings were made. All experiments were 
carried out at a temperature of 21° to 23°C.
4.2.2 SOLUTIONS
The solutions used were identical to those described in 
section 2.1.2, and contained low chloride concentrations, in 
order to optimise the control of potential across the membrane 
of the T-tubules. Diazepam (a gift from Roche) was first 
dissolved in the minimum volume of 30 mM H2SO4. This stock was 
added Slowly to the control or high potassium solution without 
any TES buffer. TES was then added and the pH gradually 
brought up to 7.4 with 1.0 M NaOH. This procedure in the worst 
case increased the concentration of Na2SC>4 by 2.7% relative to 
the drug free solution. When the concentration was greater 
than 400 uM the drug precipitated after several hours in 
solution at pH 7.4. Therefore solutions containing diazepam 
were prepared immediately before use.
4.2.3 CONTRACTION THRESHOLD MEASUREMENTS
The thresholds for contraction were measured using the 
technique described in section 2.2.4. Tetrodotoxin 1.5 uM 
(Sankyo) was present in solution A (Table 2.1), the control 
solution with low chloride ion concentration. Fibres were 
voltage clamped at -80 mV and thresholds were measured from a 
representative number of fibres in the absence of the drug 
before the bathing solution was replaced with one containing 
diazepam.
4.2.4 MEMBRANE POTENTIAL IN THE PRESENCE OF DIAZEPAM
Membrane potentials were recorded from sheets of fibres as
described in section 2.2.9. The potentials in high potassium 
solutions (solutions B to I, Table 2.1) were recorded after
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control potentials in normal potassium concentration (solution 
A, Table 2.1) were obtained.
4.2.5 CONTRACTION AND POTASSIUM CONTRACTURES IN DIAZEPAM 
Bundles of 5 to 15 muscle fibres were mounted in a 
temperature controlled organ bath and isometric tension was 
measured in the usual manner (section 2.2.6). The preparations 
were kept in control solution with low chloride concentrations 
([Cl-] = 16 mM, soluj^ .on A, Table 2.1) and stimulated regularly. 
A twitch and tetanus were recorded just prior to application of 
solutions containing high potassium concentrations. The 
protocol of the experiments was as follows: (a) Control 
contractures using one of solutions B to I (10 to 200 mM [K+], 
Table 2.1) were first obtained; (b) the bundle was allowed to 
recover, with recovery indicated by the amplitude of the 
tetanus. The tetanus was required to return to a steady 
amplitude which was at least 90% of the pre-contracture 
amplitude; (c) the bathing solution was then replaced with a 
control solution containing diazepam for 10 to 15 minutes until 
the twitch potentiation reached a steady state; (d) a second 
contracture was elicited using the same high potassium 
concentration as in (a) above with the required diazepam 
concentration.
4.2.6 THE EFFECT OF DIAZEPAM ON ACTION POTENTIALS
Action potentials were recorded from single fibres in 
muscle sheets using a setup similar to that used for voltage 
clamping, except that the current passing amplifier was 
replaced by a voltage to current converter. The voltage clamp 
feedback path was disconnected. Current pulses were injected 
into the fibre by an intracellular microelectrode placed more 
than 300 urn away from the voltage recording electrode. Pulse 
amplitude, duration, frequency and number were controlled by a 
microprocessor timer and Neurolog Pulse Buffer. The final
Figure 4.1 Chart recordings of isometric twitches and tetani
in response to direct stimulation of soleus and e.d.l. bundles. 
Arrows mark the time at which tetanic stimulation (90 Hz) was 
delivered. Other deflections are single twitches. Bars mark 
the time during which the bundle was exposed to the diazepam 
(100 uM) containing solution (solution A, low chloride). (A) 
Soleus bundle. Twitch potentiation and tetanus depression 
recovered on wash out of the solution containing 100 uM 
diazepam. (B) Soleus bundle showing large twitch potentiation 
and substantial tetanus depression in 400 uM diazepm. (C)
E.d.l. bundle in 600 uM diazepam. The tetanus was almost 
abolished. Twitch amplitude increased to a maximum value then 
decayed during exposure to the drug. On wash out, tetanic 
tension slowly recovered towards control amplitude and the 
twitches grew to larger than control size before approaching a 
steady size.
SOLEUS
100 uM diaz
SOLEUS
400 uM diaz
C
600 uM diaz
2 mN
2 min
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operational amplifier of the voltage to current converter was 
monitored by an overdrive detector. Voltage records were 
captured by a data logging program running on a Motorola 6809 
based microcomputer. Single action potentials and trains of 
action potentials could be recorded without contractions 
dislodging the electrodes if the muscles sheets were attached 
to the silicone rubber lined bath with many fine pins through 
the tendons and connective tissue, and the fibres were 
stretched to sarcomere spacing of 3.3 to 3.4 urn. The 6809 
microcomputer (section 2.2.10) was used to measure the action 
potential parameters or to transfer the digitized data to a PDP 
11/44 computer for subsequent plotting.
4.3 RESULTS
4.3.1 TWITCH POTENTIATION BY DIAZEPAM
The fibre bundles were stimulated regularly, and a 
maximum fused tetanus (90 Hz) was evoked every five minutes. 
Application of diazepam containing solutions to fresh muscle 
bundles (solution A Table 2.1, with diazepam) quickly increased 
isometric twitch contraction amplitude. The size of the 
potentiation was different in e.d.l. and soleus muscles and 
depended on the concentration of diazepam applied. Typical 
twitches and tetani are shown in Figure 4.1. Clinical 
concentrations of diazepam (5 urn to 25 uM) had no detectable 
effect on twitch and tetanic contractions. At concentrations 
of diazepam between 25 uM to 400 uM the twitch increased in 
amplitude and plateaued in six to ten minutes. With brief 
exposures of the drug (less than 10 minutes) the twitch 
amplitude recovered to control after diazepam was washed out. 
After longer exposures twitch depression reversed slowly and 
recovery sometimes required constant flushing with control 
solution for more than 35 minutes before the twitch returned to 
control amplitude.
Figure 4.2 Average time course of the change in directly- 
stimulated twitch amplitude of soleus (A) and e.d.l. (B) fibres 
in 200 uM (open circles) and 600 uM (solid circles) diazepam.
In 600 uM twitch amplitude first peaked then decayed in e.d.l. 
(A, 6 bundles) and soleus (B, 5 bundles). A typical example of
the response in an e.d.l. bundle is shown in the insert in (A). 
The simple monotonic increase of the twitch in 200 uM diazepam 
is shown from 6 e.d.l. and 7 soleus bundles. The insert in (B) 
shows a typical rise in the twitch in a soleus bundle. 
Horizontal bars mark the duration of exposure to diazepam.
Error bars are + 1 standard error.
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Figure 4.3 (A) Dose dependence of twitch amplitude. Tension
in each point shows the average of 7 bundles and was normalised 
to the amplitude before diazepam was added. Diazepam solutions 
were added immediately after the control tetanus and the 
preparation allowed to recover after each exposure. Note the 
potentiation in soleus bundles (n=6) was twice that produced in 
e.d.l. bundles (n=7). (B) Dose dependence of the twitch to
tetanus ratio. The twitch amplitude in diazepam was normalised 
to control tetanus amplitude. The twitch to tetanus ratio of 
e.d.l. (n=7) and soleus (n=6) bundles in the absence of 
diazepam was double that in soleus. The ratio in both muscle 
types became approximately equal in high concentrations of 
diazepam.
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Concentrations of diazepam greater than 300 uM had two 
effects on twitch tension. Firstly, as with lower 
concentrations, twitch amplitude rapidly increased, but then it 
decayed until it was reduced to a fraction of the control 
amplitude or was abolished completely (see Figure 4.1c). The 
twitch amplitude increased when diazepam was washed out with 
control solution A; twitch tension transiently rose above 
control, before gradually returning to the control value. The 
change in average twitch tension with time in soleus (6 to 8 
bundles) and e.d.l. (6 to 8 bundles) muscles is shown in Figure 
4.2 after the addition of 200 uM diazepam, a concentration that 
produced potentiation, and 600 uM, which produced potentiation 
followed by depression. The rate of potentiation was faster at 
higher concentrations. Depression, which was only observed 
with concentrations greater than 300 uM, always occurred more 
slowly. The depression of the twitch was more marked in e.d.l. 
bundles and was due, in both types of muscle, to blocking of 
the action potential (discussed in section 4.3.6).
Twitch tension in each bundle was normalised to the 
control twitch before diazepam was added. The maximum increase 
in twitch tension in concentrations of diazepam of 600 uM or 
more was 4.5 +0.25 (n=4) in soleus and 2.2 +0.27 (n=6) in 
e.d.l. fibres in 300 uM (Figure 4.3a). In some cases the peak 
potentiation seemed to coincide with the beginning of 
depression and the maximum potentiated twitch tension may have 
been reduced by the depression effect.
A more than fourfold maximum increase in twitch tension in 
soleus compared with the twofold increase in e.d.l. may have 
been due to different degrees of activation during the control 
twitches. (The possibility of twitch activation not being 
maximal has been discussed in section 3.3). The twitch to 
tetanus ratio was 0.11 +0.01 (n=51) in soleus before exposure 
to diazepam and increased to a maximum of 0.46 +0.01 (n=5) in 
the presence of diazepam. The twitch to tetanus ratio in
Figure 4.4 Typical isometric twitches in 400 urn diazepam 
superimposed on the twitch from the same bundle before diazepam 
was added in an e.d.l. (A) and a soleus (3) bundle. The larger 
twitch in each case was recorded in diazepam. The time bar 
applies to both traces. Note that the time course in the 
e.d.l. bundles was similar in the presence and absence of 
diazepam, while the times to peak and decay in the soleus 
bundle were substantially longer when the drug was present. 
Stimulus strength was supramaximal in each case.
SOLEUS
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e.d.l. bundles increased from 0.21 +0.01 (n=47) to 0.52 +0.02 
(n=6, Figure 4.3b). In both types of muscle the twitch to 
control tetanus ratio was approximately half the tension prior 
to application of the drug. If the largest twitch in diazepam 
corresponds to the maximum twitch activation that is possible, 
the twitch in soleus muscles could increase proportionally more 
than e.d.l. since the twitch to tetanus ratio in control 
conditions was less than in e.d.l.
4.3.2 TWITCH TIME COURSE IN DIAZEPAM
The time course of the isometric twitch has been 
correlated to the rate of removal of free calcium from the 
myoplasm by the sarcoplasmic reticulum (Eusebi, Miledi & 
Takahashi, 1980; Freyer & Neering, 1985; Stein, Gordon & 
Shriver, 1982), buffers such as parvalbumin (Celio & Heizmann, 
1982; Stuhlfauth Reininghaus Jockusch & Heizmann, 1984) and 
possibly the release rate of calcium from the sarcoplasmic 
reticulum (Eusebi, Miledi & Takahashi, 1980). To investigate 
if diazepam was affecting the release or removal of calcium, 
the time course of twitch contractions were examined.
Diazepam had different effects on the shape of the 
isometric twitch in e.d.l. and soleus muscles. The rise and 
decay times of the twitch in e.d.l. bundles, even with maximum 
potentiation, were changed only slightly by diazepam (Figure 
4.4a). The average 20% to 80% rise time, before diazepam was 
added, in seven bundles was 15.0 +1.0 ms and this increased by 
30% to 205 ms +9 in the presence of 800 uM diazepam. The peak 
to 50% decay times increased from 56.0 +9.8 ms in the absence of 
the drug to 7 3.0 +7.0 ms in 800 uM diazepam. The soleus twitch, 
in contrast, took longer to peak and relaxed more slowly 
(Figure 4.4b). The rise time increased 1.8 fold from 5L0 +2.9 
ms to 94.0 +6.1 ms in five fibres treated with 800 uM diazepam 
and the average decay time became 2.9 times longer, increasing 
from 450 +39 ms to 1310 +160 ms.
Figure 4.5 Average rise and decay times of the twitch in 
e.d.l. and soleus. (A) The 20% to 80% rise time in soleus 
bundles (n>5) increased significantly in a dose dependent 
manner by diazepam, wereas the the rise time in e.d.l. bundles 
(n>6) was only slighty prolonged. (B) The peak to 50% fall 
time. Soleus (n>5) times were prolonged, while the fall time 
in e.d.l. (n>6) was only marginally affected. Error bars are ± 
1 s.e. where bigger than the symbols.
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Figure 4.6 Time course of amplitude changes in the twitch (A) 
and tetanus (B) in the same bundle produced by 300 uM diazepam. 
Tension is normalised to the control tension in the absence of 
the drug. The bathing solution was changed to one containing 
diazepam at time zero. Twitch tension peaked after 10 minutes, 
but the tetanus continued to decline after more than 20 minutes 
in diazepam.
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Figure 4.7 The dependence of the tetanus block on diazepam 
concentration. Amplitude after 10 minutes in each 
concentration of diazepam was normalised relative to the drug 
free tetanus. The amplitude of e.d.l. bundles (n=6) was 
similar to soleus (n=7) over the entire range of diazepam 
concentrations tested.
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The average twitch time courses in various diazepam 
concentrations are shown in Figure 4.5. The rise and decay 
times were strongly dependent on diazepam concentration in 
soleus but were less so in e.d.l. In soleus the longer 
twitch time course than normal muscle was not simply due to 
the greater tension reached, since the rise and decay times 
for a two fold tension increase in 200 uM diazepam were 
significantly longer than the rise and decay times for a 
similarly increased twitch amplitude in e.d.l. fibres in 800 
uM diazepam. The different effects of diazepam on the time 
course of the isometric twitch in soleus and e.d.l. suggests 
that if diazepam has the same mechanism of action in both 
types of muscle, different processes control the twitch time 
course in fast and slow twitch muscles.
4.3.3 DEPRESSION OF TETANIC TENSION IN DIAZEPAM
The amplitude of the tetanus became progressively smaller 
in diazepam in concentrations greater than lOOuM. The decline 
of the tetanus with time in 300 uM diazepam is shown in Figure 
4.6. Twitch potentiation in the same preparation reached a 
steady state more rapidly than the tetanus, which continued to 
decline for 20 to 40 minutes. With concentrations greater 
than 600 uM the tetanic response was abolished completely and 
quickly (Figure 4.1c). Little effect was observed in less 
than 100 uM diazepam. The amount of tetanic tension lost was 
dependent on the time of exposure to diazepam. The average 
amplitude of the tetanus in soleus and e.d.l. bundles after 10 
minutes in diazepam is shown in Figure 4.7. The depression of 
the tetanus was similar in e.d.l. and soleus muscles, in 
contrast to the different effects of the drug on twitch 
potentiation in the two muscle types (section 4.3.1).
The profile of the tetanus was not changed by low 
concentrations of diazepam (< 200 uM, Figure 4.8a). With 
higher concentrations, the maximum tension decreased and the
Figure 4.8 Typical profile of isometric tetanic tension in (A)
control solution, (B) 400 uM and (C) 600 uM diazepam recorded 
from soleus bundles. In (A) tension was maintained while in 
(B) tension sagged during stimulation and in (C) the tension 
profile was similar to that of a twitch. The block of the 
tetanus was due to use dependent block of the muscle action 
potentials (see section 4.3.6).
AControl
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tension sagged during stimulation (Figure 4.8b). With very 
high concentrations (>400 uM) the response to tetanic 
stimulation was similar to a single twitch (Figure 4.8c). 
Recovery of tetanic tension after washout of diazepam was 
slower than the recovery of the twitch and was often 
incomplete.
The different time course and the divergent actions of 
diazepam on the twitch and tetanus suggests that the drug has 
two different effects on the fibres. One effect of diazepam 
may be on the action potential or the resting membrane 
potential. These possibilities will be examined in section 
4.3.5) .
4.3.4 RELAXATION TIME OF THE ISOMETRIC TETANUS IN DIAZEPAM 
The relaxation rate of the isometric tetanus can be used 
as an estimate of the rate of removal of free calcium from the 
myoplasm by the sarcoplasmic reticulum (Griffith, Kuhn, Güth & 
Rüegg, 1979; Stein, Gordon & Shriver, 1982). The shorter 
tetanus relaxation time after T^ treatment (section 3.3.2) was 
consistent with the faster rate of calcium pumping that would 
accompany the reported increased amount of saroplasmic 
reticulum per gram of whole muscle (Kim, Witzmann & Fitts,
1982; Fitts, Winder, Brooke, Kaiser & Holloszy, 1980; Nwoye, 
Mommearts, Simpson, Seraydarin & Marusich, 1982). To determine 
if the rate of calcium removal was affected by diazepam, its 
influence on the relaxation time of the tetanus after 
termination of stimulation was examined in bundles before and 
five minutes after the fibres were exposed to a bathing 
solution containing diazepam.
The 80% to 20% relaxation time of the tetanus in control 
e.d.l. bundles was 59 ms +7 (n=31) and in soleus 340 ms +20 
(n=28). Because of the large variability, relaxation times in 
diazepam were normalised to the relaxation time in each bundle 
before diazepam was added. The average data is plotted in
Figure 4.9 Relationship of the 80% to 20% decay times of the
tetanus versus diazepam concentration. Decay times were 
measured from the cessation of stimulation normalised to the 
decay time before diazepam was added. Diazepam prolonged the 
decay time in e.d.l. bundles (n>7) more than in soleus bundles 
(n>6). Error bars are ± 1 s.e.
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Ta b le  4 .1  Average  r e s t i n g  membrane p o t e n t i a l  (RMP) o f  s o l e u s  f i b r e s  i n
d i azepam .  E x t e r n a l  c h l o r i d e  c o n c e n t r a t i o n  was 16 mM ( s o l u t i o n  A). The 
mean RMP’s b e f o r e  d iazepam  was added  i s  shown below t h e  c o r r e s p o n d i n g  
RMP' s  i n  t h e  p r e s e n c e  o f  t h e  d r u g .  The i n d i v i d u a l  c o n t r o l s  were no t  
s i g n i f i c a n t l y  d i f f e r e n t  t o  e ach  o t h e r  ( a n o v a ) ,  and h ence  were p o o l e d .  
The RMP’ s i n  d iazepam  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  t o  t h e  poo led
c o n t r o l  ( a n o v a ) .
R.M.P. (mV) Diazepam
C o n c e n t r a t i o n 200 uM 400 uM 800 uM
mean - 8 7 . 3 - 8 5 . 6 - 8 7 . 3
s . e . 1 .0 0 .6 1.1
n 11 18 11
R.M.P.  (mV) C o n t r o l s
mean - 8 8 . 0 - 8 6 . 4 - 8 6 . 9
s . e . 0 .7 0.7 1.2
n 13 16 12
R.M.P.  (mV) Pooled  C o n t r o l
mean
S • 0 •
n
- 8 7 . 1
0 .5
41
75
Figure 4.9 and shows that the decay times were lengthened more 
in e.d.l than in soleus bundles by diazepam. In 400 uM 
diazepam the decay time increased by a factor of 2.8 +0.4 (n=5) 
while in soleus it increased by 1.6 +0.3 (n=7). The rate of 
relaxation was slowed more in e.d.l. than soleus. The rate was 
estimated by taking the ratio of tetanus amplitude in diazepam 
to pre-diazepam, which was 0.43 +0.09 (n=5) in e.d.l. and 0.54 
±0.04 (n=7) in soleus with 400 uM diazepam, and dividing it by 
the 80% to 20% decay time. The decay rate calculated this way 
was 0.15 in e.d.l. and 0.34 in soleus. The rate of relaxation 
in both controls using this measure was unity. Therefore, 
diazepam was blocking the removal of free calcium from the 
myoplasm after contraction, e.d.l. fibres being more sensitive 
to this effect than soleus.
4.3.5 RESTING MEMBRANE POTENTIALS IN DIAZEPAM
Resting and action potentials were measured in order to 
discover whether the potentiation of the twitch or the decline 
of the tetanus was simply due to changes in resting membrane 
potential or prolongation or failure of muscle action 
potentials.
The average resting membrane potentials before the 
addition of diazepam and after at least 15 minutes in diazepam 
are given in Table 4.1 for soleus fibres. The variability 
between the 200 uM, 400 uM and 800 uM diazepam control fibres 
was tested with an analysis of variance test. The variability 
within groups was found to be greater than the variability 
between groups, so the control data was pooled together and the 
effects of the three concentrations of diazepam tested using an 
analysis of variance test (anova). The test indicated that the 
variability within groups was larger than between groups. 
Diazepam was not affecting the resting membrane potential in 
soleus fibres.
The membrane potential in various external potassium
Figure 4.10 Action potentials recorded intracellularly from 
single muscle fibres. A second intracellular electrode more 
than 300 urn away from the site of recording was used to pass 
depolarising current pulses to initiate action potentials. 
Resting membrane potential of the fibres was -78 to -82 mV.
(A) and (D) single action potential and a train of action 
potentials in the absence of diazepam. (B) and (E) action 
potentials in 400 uM diazepam. The single and first action 
potential of the train were similar to the controls.
Subsequent action potentials in the train were of lower 
amplitude than the equivalent action potential recorded from 
control fibres and often the stimulus pulse failed to generate 
an action potential. (C) and (F) 800 uM diazepam reduced the 
action potential overshoot of the first action potential. In 
the second and later stimuli the voltage changed was due to 
passive coupling of the stimulating current. Note that in (E) 
and (F) the stimulus strength was several times that required 
to elicit a single action potential.
A B C
10 ms
100 ms
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concentrations will be examined in section 4.3.7.1 in soleus 
and e.d.l. fibres. In that section 200 uM and 400 uM diazepam 
had no effect on membrane potential.
From this data it can be concluded, that no change in the 
resting membrane potential was produced, that could account for 
the altered contraction responses in the presence of diazepam.
4.3.6 ACTION POTENTIALS IN DIAZEPAM
Action potentials in single muscle fibres were recorded 
with intracellular microelectrodes. The stimulus frequency (90 
Hz) and pulse duration used were the same as used to produce 
the tetanic tension records. In some experiments only single 
stimuli were delivered. Stimulus current strength was set at 
two to eight times that required to just elicit a single action 
potential.
Single action potentials in diazepam concentrations less 
than 400 uM were similar in amplitude and shape to control.
With higher concentrations the action potential amplitude was 
reduced (Figure 4.10 a, b & c) and was often blocked 
completely. Reduction and abolition of twitch tension in high 
concentrations of diazepam was presumably due to the reduced 
size of the action potential.
There was normally a small decline in action potential 
overshoot during trains of action potentials (Figure 4.10d). A 
slight decrease of overshoot was expected (Lüttgau,1965; Ramsey 
& Street, 1942) and is probably due to a delayed potassium 
conductance and accumulation or depletion of ions near the 
membrane. Trains of action potentials in 200 uM diazepam 
demostrated a faster decline of action potential overshoot and 
sometimes later action potentials in the train were blocked 
completely, particularly in diazepam concentrations greater 
than 400 uM (Figure 4.10e). When the fibres were stimulated 
again, the same effect was seen and the first action potential 
was the same as in the preceeding train.
Figure 4.11 Average peak amplitude of the 1st, 2nd and 10th
action potentials in a train of similar parameters used to 
stimulate tetanus contractions in the presence of 0 to 800 uM 
diazepam. Amplitudes were measured from recordings made under 
the same conditions as described in Figure 4.10. Amplitude of 
the 1st action potential was similar to control in up to 400 uM 
of diazepam. The second and tenth action potentials in a train 
(100 Hz) were more sensitive to block by diazepam at lower 
concentrations.
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The average membrane potential at the peak of the action 
potential, measured from at least 7 cells at each diazepam 
concentration, are shown in Figure 4.11. The fibres selected 
for Figure 4.11 had resting membrane potentials of -78 mV to - 
82 mV. The peak amplitude of the first action potential in a 
train was (25 mV +1, n=31) in control fibres and in fibres 
exposed to diazepam concentrations up to 400 uM. With 600 uM 
and higher diazepam concentrations, the first action potential 
was smaller than the control. The second action potential of a 
train had an amplitude of +20 mV +1 (n=31) in drug free fibres 
but in 50 uM diazepam and higher the second action potential 
was reduced by a greater amount. The non linear decrease in 
the second action potential amplitude with diazepam increasing 
concentration (Figure 4.11) was a result of blocking and 
unblocking of the action potentials (eg. see Figure 4.10e). 
Similarly the peak amplitude of the tenth pulse in a train was 
not linearly dependent on diazepam concentration. The 
amplitude of the tenth action potential was reduced more by 
diazepam than the amplitude of the second action potential in a 
train, i.e. the depression of the action potential was use 
dependent.
The depression of the action potential was responsible for 
the reduced tetanic tension in diazepam concentrations greater 
than 100 uM. In concentrations higher than 400 uM, diazepam 
also decreased the amplitude of single action potentials, and 
hence reduced or abolished twitches.
T a b le  4 . 2 a  Average  membrane p o t e n t i a l s  (V ) o f  s o l e u s  f i b r e s  i n  ---------  -------  111
v a r i o u s  e x t e r n a l  p o t a s s i u m  c o n c e n t r a t i o n s  [K ] ,  w i t h  16 mM o f  c h l o r i d e .  
C o n t r o l  p o t e n t i a l s  were r e c o r d e d  b e f o r e  d iazepam ,  200 uM o r  400 uM, was 
e q u i l i b r a t e d  w i t h  t h e  f i b r e s .
So leus
[K+ ] C o n t r o l  200 uM
(mM) Vm (mV) Vm (mV)
400 uM 
Vm (mV)
3 .5
40
60
80
160
200
8 5 .2  ± 0 .2  (127)  
37 .9  + 0 . 8  (22)  
•32.6 ± 0 .7  (15)  
•24.8 ± 0 . 5  (22)  
- 9 . 4  ± 0 . 8  (23)  
- 2 . 7  ± 0 . 6  (23)
- 8 4 . 3  ± 0 . 3  (98 )*  
- 4 0 . 4  ± 0 . 6  (27)
- 2 8 . 0  ± 0 .7  (2 3 )*  
- 1 0 . 6  ± 0 .4  (25)  
- 4 . 4  ± 0 . 5  (2 3 )*
- 8 3 . 9  ± 0 .4  (57 )*  
- 4 1 . 7  ± 0 .9  (16 )  
- 3 3 . 9  ± 0 .7  (19 )  
- 3 3 . 9  ± 0 .7  (19)  
- 2 4 . 6  ± 0 .9  (16 )  
- 5 . 7  ± 0 .4  (18 )*
T a b le  4 .2 b  Average membrane p o t e n t i a l s  r e c o r d e d  from e . d . l .  f i b r e s  
unde r  t h e  same c o n d i t i o n s  d e s c r i b e d  i n  Tab le  4 . 2 a .
E x t e n s o r  D ig i to r u m  Longus
[K+ ] C o n t r o l 200 uM
(mM) v mm (mV) Vm (mV>
3 . 5 - 8 4 . 1  + 0 .4  (79) 1 CO 00 1+ o U
l (54 )
40 - 3 7 . 0  ± 1 .0  (20) - 3 9 . 1  ± 0 .7 (19)
80 - 2 1 . 5  ± 0 . 9  (17 ) - 2 5 . 7  ± 0 .6 (18 )
160 - 1 0 . 9  ± 0 .6  (23) - 1 1 . 1  ± 0 .5 (23)
200 - 3 . 7  ± 0 .3  (17 ) - 4 . 3  ± 0 .4 (19)
mean + s . e .  (number o f  f i b r e s ) .
* s i g n i f i c a n t l y  d i f f e r e n t  f rom c o n t r o l ,  p < 0 .01  ( t - t e s t )
jnSert oct botiory-N erf p c i ove  S
unimportant. For example the statistically significant 
hyperpolarisation produced by diazepam with 200 mM potassium 
was opposite to the depolarisation produced in 160 mM 
potassium.
E.d.l. fibres had similar membrane potentials (t-test) in 
control and fibres in 200 uM diazepam (Table 4.2b), except in 
160 mM potassium (p < 0.001, t-test). Random error was the 
most likely cause of the exception, since diazepam would be
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4.3.7 THE EFFECT OF DIAZEPAM ON POTASSIUM CONTRACTURES IN 
SOLEUS MUSCLE
Khan and Edman (1983) suggested that diazepam 
substantially increased twitch tension without affecting the 
voltage dependence of tension developed during potassium 
contractures. It is difficult to conceive how diazepam could 
have a different effect depending on whether depolarisation was 
produced by high external potassium concentrations or an action 
potential, since little change was found in the action 
potential. After T^-treatment, it was found that changes in 
contractile properties in mammalian fibres ocurred with changes 
in activation (chapter 3). Hence it is likely that diazepam is 
affecting the relationship between membrane potential and 
tension. Therefore potassium contractures were used to measure 
the voltage dependence of tension in soleus fibres before and 
during exposure to diazepam.
4.3.7.1 THE RELATIONSHIP OF MEMBRANE POTENTIAL WITH EXTERNAL 
POTASSIUM CONCENTRATION IN DIAZEPAM 
The relationship of membrane potential with external 
potassium concentration in diazepam was measured in soleus 
fibres so that potassium concentration could be converted into 
membrane potential in the contracture experiments, and to 
examine more closely whether diazepam was specifically 
affecting membrane potential. For comparison, similar 
measurements were carried out in e.d.l. fibres.
The membrane potentials of soleus fibres were not 
consistently altered by 200 uM or 400 uM diazepam (Table 4.2a). 
With 40 mM and 160 mM potassium the variablility within the 
sample was greater than between samples (anova) and at 60 mM 
the difference was not statistically significant (p > 0.05, t- 
test). At the other potassium concentrations differences were 
statistically significant but were regarded as biologically
opposite
Figure 4.12 Potassium contractures in the absence (A and B) 
and presence of 100 uM diazepam (C and D). Diazepam 
potentiated the 40 mM potassium contracture (C) by more than 
two fold from the control (A), while the 200 mM contracture (B) 
was depressed by 5% from the control (D). The fibres were 
exposed to the high potassium concentration for the period 
marked by the horizontal bars.
I1§ 19
Figure 4.13 Potassium contracture tension versus membrane 
potential. Tension was normalised to the maximum control 
tetanus in the absence of diazepam. The abscissa is the 
membrane potential measured in the high external potassium 
solutions in separate experiments (Table 4.2a). Curves were 
fitted to the data by eye. (A) 100 uM diazepam. The maximum 
tension at 0 mV was reduced, but at potentials negative of -50 
mV tension was potentiated. (B) 400 uM diazepam. Tension 
potentiation was several fold with depolarisation to -40 mV but 
was reduced by 11% at 0 mV, similar to 100 uM d^epam. Each 
point is the average of data from at least 6 bundles. Error 
bars + 1 s.e.
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expected to alter the membrane potential in other potassium 
concentrations if it had a biological action on membrane 
potential.
4.3.7.2 THE EFFECT OF DIAZEPAM ON POTASSIUM CONTRACTURES
Examples of potassium contractures in two soleus fibre 
bundles exposed to diazepam are shown in Figure 4.12a and 
4.12b. After recovery from the control contracture the fibres 
were bathed in a solution containing 100 uM of diazepam. When 
the twitch and tetanus amplitude had reached stable values, 
usually in about 15 minutes, the potassium solution was applied 
again. Contracture tension was normalised to the tetanus in 
drug free solution in each bundle to remove errors due to 
rundown of the preparation (see section 2.3.2.2). With 40 mM 
potassium (-41 mV) the contracture was 2.3 times control; 
average relative tension 0.028 +0.007 (n=7) in control and 
0.064 +0.02 (n=7) in diazepam. The relative tension of the 200 
mM contracture (-4 mV) in 100 uM diazepam was 1.1 +0.1 and in 
the absence of the drug 1.3 +0.1 (n=7). This difference was 
significantly different (p < 0.05, t-test).
Contractures in 80 mM and 160 mM were tested in 100 uM 
diazepam. The average results are plotted in Figure 4.13. The 
relative tension was below control in diazepam for 80 mM (-26 
mV) and 160 mM (-11 mV). There was no change in baseline 
tension during exposure to 100 uM diazepam. A Boltzmann 
function was fitted to the data by eye. Diazepam caused a 
decrease in the maximum contracture tension, and a decrease in 
the slope of the contracture versus membrane potential 
relationship (Figure 4.13a).
The relationship between membrane potential and relative 
tension was measured from soleus bundles in 400 uM diazepam 
using 20, 40, 60, 80, 120 and 200 mM potassium concentrations. 
400 uM diazepam produced more potentiation (4 fold) in the 
twitch amplitude than 100 uM (1.9 fold, see section 4.3.1).
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The relative contracture tension in 40 mM (-41 mV) potassium 
and 400 uM diazepam was similarly increased 3.4 fold from a 
value of 0.08 +0.02 (n=8) in control solution to 0.27 +0.05 
(n=8) in 400 uM diazepam. The tension in 200 mM (-4 mV) was 
reduced by 11%, which was about the same depression produced in 
100 uM diazepam. The 3 mV shift to more negative potentials in 
the potential versus relative tension curve in 400 uM diazepam 
was similar to that in 100 uM, although potentiation was seen 
with depolarisations to -26 mV in 400 uM and only up to about - 
33 mV in 100 uM diazepam. (Differences in the control curves 
are noticeable and are most likely to be a consequence of 
carrying out these measurements at different Universities and 
on rats from different sources. The data should be compared 
with each set of control data.)
The results suggest that a correlation exists between the 
increased amplitude of the potassium contracture in response to 
a small depolarisation (40 mM) and twitch potentiation in 
diazepam. The reduction of tension with large depolarisation 
(200 mM) may contribute to the decay of the tetanus in 
diazepam. The relative contributions of the reduced maximum 
tension and the block of the action potential can not be 
determined from these experiments, but the action potential 
block is likely to the major factor.
Figure 4.14 The effect of diazepam on contraction threshold
soleus fibres measured using a two electrode voltage clamp.
The potential that just elicited shortening of sarcomeres, is 
plotted against pulse duration. The abscissa is plotted 
logarithmically to compress the large range of pulse durations 
tested. (A) 100 uM diazepam significantly reduced the 
contraction threshold to pulses longer than 30 ms. The results 
show average data from 20 control fibres and 52 fibres in 
diazepam. (B) 400 uM diazepam. Thresholds were significantly 
lower in diazepam at durations greater than 15 ms. Data from 
10 fibres in each curve. Error bars are + 1 s.e. Fibres were 
kept in low chloride concentration (solution A) with 1.5 urn 
Tetrodotoxin at 21° to 23°C. Membrane potential was held at - 
80 mV between pulses.
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Peachey, 1973). The thresholds for 1.5 ms to 10 ms pulses were 
not significantly lowered by diazepam. However in the presence 
of tetrodotoxin, the passive cable properties of the T-tubule 
system, may alter the profile of pulses with durations less 
than 30 ms and hence may mask the effect of diazepam on shorter 
pulses. It should be noted that contraction threshold was less 
than normal, although the difference was not significant, down 
to pulse durations of 3 ms. However the increased tension 
produced in potassium depolarisations of small amplitude can be 
explained by the lower contraction thresholds observed with 
pulse long durations, which were of similar time scale.
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4.3.8 THE EFFECT OF DIAZEPAM ON CONTRACTION THRESHOLD
The potentiation of the twitch in diazepam could not be 
attributed to changes in the action potential. However an 
unaltered action potential could provide a stronger stimulus to 
the excitation-contraction coupling machinery if the voltage 
threshold for contraction was more negative. Potassium 
contracture experiments were not sensitive enough to detect 
such a change, and provided only an indication that the 
threshold was at more hyperpolarised potential in diazepam. 
Therefore contraction thresholds in the presence of diazepam 
were measured using voltage clamp techniques and visual 
determination of contraction from soleus fibres in low chloride 
solution (solution A, Table 2.1, see section 2.2.2).
The contraction thresholds in fibres held at -80 mV before 
and at least 15 minutes after exposed to solution A (Table 2.1) 
containing 100 uM diazepam are shown in Figure 4.14a. A 
semilogarithmic plot was used to compress the large range of 
pulse durations used. With pulse durations longer than 30 ms 
diazepam lowered the threshold consistently by +3 mV from the 
control, while at shorter durations (3 ms to 30 ms), the 
thresholds were less than, but significantly different from the 
respective controls.
In 400 uM diazepam the thresholds were six to seven mV 
lower than the thresholds of the fibres when diazepam was 
absent, with pulse durations longer than 30 ms. The difference 
at each of these durations was statistically significant again 
(t-test, p < 0.005). The thresholds at shorter durations (3 ms 
to 30 ms) were less than, but not significantly different from 
control values.
These results do not explain the increased tension 
produced by the action potentials. The surface action 
potential time course is most similar to the 1.5 ms pulses and 
the T-tubule action potential last about 3 ms (Adrian &
o^po*, I
Figure 4.15 Contractures produced by exposure to high 
concentrations of diazepam. (A) transient tension in a soleus 
bundles exposed to 600 uM diazepam. (B) and (C) sustained 
tension evoked by exposure to 800 uM diazepam. The maximum 
tetanus from each bundle immediately before exposure to 
diazepam is shown at the start of the traces. The duration of 
exposure to diazepam is marked by the horizontal bars.
A600 uM
800 uM
800 uM
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4.3.9 CONTRACTURES INDUCED BY DIAZEPAM
Diazepam in concentrations of 600 uM and greater 
ocassionally produced an increase in resting tension (Figure 
4.15) without membrane depolarisation (see section 4.3.5).
Three out of four soleus preparations gave a small transient 
contracture of about 5% the amplitude of the tetanus when 
exposed to 600 uM diazepam. 800 uM diazepam induced a 
sustained contracture of 10% to 70% of the tetanus amplitude in 
four out of six soleus preparations. The contracture in 800 uM 
diazepam relaxed when the drug was washing out. Resting 
tension in e.d.l. bundles was less sensitive to diazepam than 
soleus. None of the four e.d.l. bundles tested with 600 uM 
diazepam responded with a contracture and only two out of seven 
developed tension in 800 uM diazepam.
4.3.10 SUMMARY
Resting membrane potential was not affected by diazepam in 
concentrations up to 800 uM. Twitch contractions were rapidly 
potentiated by diazepam, maximum potentiation was greater in 
soleus than e.d.l. fibres, and was not due to changes in the 
action potential. At high concentrations (> 400 uM) twitch 
potentiation was often followed by depression, due to block of 
the action potential. The different degree of maximum 
potentiation in e.d.l. and soleus made the twitch to control 
tetanus ratio increase to approxiately 0.5 in both type of 
muscle. The time course of the twitch in e.d.l. was not 
appreciably altered, but the rise and decay times of soleus 
muscles were increased in a dose dependent manner.
Tetanic tension was decreased by diazepam over a longer period 
than the potentiation of the twitches, and was due to 
use dependent block of the action potentials during tetanic 
stimulation. The longer decay times of the tetanus, especially 
in e.d.l. fibres, is consistent with reduced uptake of free
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calcium from the myoplasm.
The tension produced by depolarisation to -4 mV with 200 
mM potassium in soleus fibres was reduced by 11% to 15% in 100 
uM to 400 uM diazepam, which may contribute to the reduction of 
the tetanus. The several fold increase in tension produced by 
depolarisations to -54 to -40 mV in 100 uM and 400 uM diazepam 
is consistent with the potentiation of the twitch.
Reduction of contraction threshold with long pulse 
durations is in agreement with the increased tension produced 
by potassium depolarisations of -54 to -40 mV, but the 
threshold to short duration pulses (< 30 ms) was not 
significantly affected by up to 400 uM of diazepam.
High concentrations of diazepam sometimes produced 
contractures without membrane depolarisation.
4.4 DISCUSSION
4.4.1 THE EFFECTS OF DIAZEPAM ON EXCITATION-CONTRACTION 
COUPLING
The results presented in this chapter demonstrate that 
diazepam has several actions on excitation-contraction coupling 
in mammalian striated muscle. The different effects observed 
were dependent on the concentration of the drug present and the 
twitch speed of the muscle. The effects of diazepam were due 
to an action on the generation of single action potentials at 
high concentrations (>400 uM), repetitive action potential 
generation at lower concentrations (>100 uM), and on 
contractile activation directly (>50 uM).
The concentrations of diazepam used were greater than the 
total concentration present in blood during clinical usage of 
diazepam (<10 uM, eg. see Verrier, MacLeod & Ashby, 1975). The 
large concentrations may, by virtue of the physico-chemical 
properties of diazepam, particularly its high lipid solubility 
(Sternbach, 1982), influence the membranes systems which are
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involved in excitation-contraction coupling, and hence affect 
processes such as sodium conductance and calcium release.
Neutral tranquilizers are known to alter the spacing of 
negative sites in membrane phospholipids and affect membrane 
bound proteins (Seeman, 1972), and bind to proteins directly 
(Sellers, Naranjo, Khouw & Greenblatt, 1982). The function of 
the sarcoplasmic reticulum Ca-ATPase is strongly dependent on 
membrane lipid (Martonosi, 1982). It remains to be shown which 
membrane properties are altered by diazepam and mediate its 
action on excitation-contraction coupling. Peripheral receptors 
sensitive to diazepam have been hypothesised in many tissues, 
including heart muscle (Mestre, Carriot, Belin, Uzan, Renault, 
Dubroeucq, Gru£r£my & Le Fur, 1984). Several analogues of 
diazepam, notably RO 15-1788, have been shown to be competitive 
inhibitors of diazepam in the central nervous system (Hunkeler, 
Mohler, Pieri, Pole, Bonetti, Cumin, Schaffner & Haefely,
1981). Although RO 15-1788 is also insoluble and lipophylic, 
it has no effect on contraction in amphibian striated muscle, 
and it has been suggested that a receptor may mediate the 
changes in excitation-contraction coupling produced by diazepam 
(Khan, 1983).
l ' r ^ e . r - t  ä £  e.r\ol p -  8*=.
resting membrane potential to be closer to the chloride 
equilibrium potential, especially in low external potassium. 
Chloride permeability and non equilibrium contributes to the 
determination of resting membrane potential in mammalian 
hindlimb muscles (Betz, Caldwell & Kinnamon, 1984; Dulhunty, 
1978; Vaughan-Jones, 1982). Diazepam, however, did not cause 
any change in membrane potential (section 4.3.5), so a more 
likely explanation is that diazepam was having a local 
anaesthetic like action on the voltage dependent sodium 
channel. Hydrophobic local anaesthetics are known to block 
activation of sodium channels from the cytoplasmic side of 
membranes, resulting in a frequency dependent block (Hille, 
1977). This mechanism of block can explain why single action 
potentials were not affected by diazepam except in very high 
concentrations, and the depression of the tetanus developed
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4.4.2 TENSION DEPRESSION
S i g n i f i c a n tDiazepam had no/effect on the resting membrane potential 
of fast twitch, e.d.l. or slow twitch, soleus fibres. 
Depolarisation of the resting membrane potential can affect the 
production of tension in directly stimulated muscle fibres by 
altering the generation of action potentials (Hodgkin & Huxley, 
1952) and by causing contractile inactivation (chapter 2).
The decline in directly stimulated tetanic tension in the 
presence of diazepam was mostly due to frequency dependent 
block of action potential generation. Reduced amplitude of 
action potential trains was discernable with concentrations as 
low as 50 uM (Figure 4.11) and could have caused the slight 
reduction observed in tetanic tension (see Figure 4.1). A 
moderate degree of frequency dependent action potential block 
could explain the sagging of the tetanus in 100 uM to 400 uM 
diazepam, and a high degree of block could reduce the tetanic 
response to that of a single twitch.
Reduction of tetanic tension has been described in 
amphibian muscle exposed^similar diazepam concentrations (Degroof, 
Bianchi & Narayan, 1980). However the mechanism of the effect 
was not examined in detail and was attributed to lower calcium 
stores in the terminal cisternae, on the basis of 4^Ca efflux 
studies. The efflux studies could not have reliably identified 
the source of the calcium pool. Block of repetitive firing of 
action potentials to maintained depolarisations in normal 
chloride concentrations (160 mM) was reported by Vyskocil 
(1977). He claimed that an increased chloride conductance due 
to diazepam short circuited the generation of action potential 
trains, which supposedly required the depolarising influence 
of accumulated potassium near the membrane for maintained 
firing. Such a chloride conductance change would cause the
bea  i a S<2 r ~ t
86
over a longer period than twitch potentiation, with the tetanic 
response ultimately reduced to a single twitch like response.
A secondary mechanism of twitch depression in the presence 
of diazepam concentrations greater than 400 uM was the block of 
single action potentials probably by a second local anaesthetic 
like action. This would abolish the tetanic response totally 
and give rise to the depression of the twitch.
Depression of tension by diazepam, independent of action 
potential generation, was recorded with potassium 
depolarisation to membrane potentials more positive than -25 
mV. Maximum relative tension was reduced by 11% to 14% in 100 
uM and 400 uM diazepam (Figure 4.12). The reduction was not 
dose dependent to the same degree as the frequency dependent 
block of the action potential and may have been mediated 
through a mechanism similar to that by which local anaesthetics 
reduce calcium release from the sarcoplasmic reticulum 
(Bianchi, 1968; Bianchi & Bolton 1967; Caputo, 1976; Lea,
1984). This action may not be significant compared to the 
block caused by the reduction of the action potential in 
diazepam and no alteration of tension produced by potassium 
depolarisation was found in amphibian muscle (Khan and Edman, 
1983).
4.4.3 TENSION POTENTIATION
The potentiation of twitch tension in diazepam was rapid 
and faster than the decline seen in high concentrations of the 
drug. Following the potentiation phase,the rate of decline of 
the twitch in e.d.l. and soleus fibres was similar and 
suggested that observed peak tension was close to the maximum 
potentiation, that could have been observed if no block of the 
action potential had occurred. The time for peak twitch 
tension to potentiate to a maximum value was similar in e.d.l. 
and soleus, but the increase relative to the control twitch was 
much larger in soleus muscle. Potentiation of twitch tension
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to direct stimulation has been reported in amphibian muscles 
(Degroof, Bianchi and Narayan, 1980; Ekelund, 1983)/ the maximum 
increase being twice the control amplitude (Khan, 1983; Khan 
and Edman, 1983).
The maximum increase in twitch tension in soleus was more
than twice that reported in amphibia. The twitch to tetanus
ratio of the control twitch was lower in soleus (0.11) compared
to e.d.l. (0.21)/ which allowed soleus more room for
potentiation/ relative to the maximum tension output of the
muscle (i.e. the tetanus). This was illustrated by the maximum
twitch potentiation produced by diazepam in both soleus and
e.d.l. being about 0.5 of the maximum control tetanus. The
twitch of amphibian fibres could not have increased any more
than two fold, since the control twitch to tetanus ratio wastnatinitially 0.5. These changes suggest^twitch activation 
normally is not maximum in mammalian muscle and is less than 
that in amphibia.
In soleus, submaximal contractures in response to 
potassium depolarisation to around -40 mV were increased in 
diazepam by a factor similar to the twitch potentiation. 
Consequently the potential versus tension relationship was 
shifted to hyperpolarised potentials. This, along with 
decrease in the maximum relative tension (section 4.3.7.2) made 
the voltage versus tension curve have a shallower slope. If 
twitch activation was below maximum as suggested, then the 
increased twitch tension and increase in submaximal potassium 
contractures are consistent with diazepam causing the free 
calcium concentration in the myoplasm to be greater than normal 
during contraction.
Lower contraction thresholds with long duration pulses (30 
ms to 2 s) in diazepam is consistent with the increased tension 
in low concentrations of external potassium. Greater calcium 
release with a given stimulus would be expected to move the 
threshold potential for contraction to less depolarised
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potentials. However the similar threshold with short duration 
pulses (less than 10 ms) can not be easily explained# since the 
action potential is in the range of these durations# and it 
initiates the twitch# which is increased four fold. This 
inconsistancy could be explained by (a) the effect of T-tubule 
cable properties on the square pulse# or (b) differences in the 
kinetics of calcium release or uptake depending on the strength 
and duration of the stimulus# or (c) distributed potential 
differences between point voltage clamp and the propagated 
action potential. In cases b and c contraction caused by just 
threshold# short duration pulses would release a brief burst of 
calcium# which would not be in spatial equilibrium in the 
fibre. Contraction could be ended by calcium simply diffusing 
uniformly into the myoplasm# while in long duration pulses or 
stimuli well above threshold calcium uptake mechanisms or 
buffering would remove free calcium to below threshold 
concentrations. The inhibition of calcium removal from the 
myoplasm either by blocking the Ca-ATPase# or by blocking 
calcium buffers could be the mechanism of action of diazepam.
Stimulation of calcium release or block of calcium uptake 
by very high concentrations of diazepam could have caused the 
spontaneous contractures seen in some bundles. Such 
contractures would be expected if the contraction threshold was 
close to the resting membrane potential. The threshold for two 
second pulses in 400 uM was not far from -85 mV and by 
extrapolation# the threshold in 800 uM diazepam would be closer 
still to the resting potential.
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4.4.4 CONTRACTION TIME COURSE
Changes in the twitch time course in diazepam provides 
evidence that myosin APTase activity is not necessarily a 
determinant of twitch time course. The independence of the 
twitch contraction time and myosin ATPase activity has been 
reported by others (Sreter, Luff & Gergely, 1975; Luff, 1981,
1984; Fitts Brimmer, Troup & Unsworth, 1984). Quick release 
tension measurements show that actin myosin interactions are 
not altered by diazepam when the filaments are maximally 
activated by calcium (Ekelund, 1983). Therefore changes in 
time course of isometric twitch are most likely related to 
altered calcium release and removal kinetics.
Twitch contractions in soleus fibres were longer in 
duration in the presence of diazepam. This suggests a longer 
duration of activation, which could be due to slower removal of 
calcium and possibly more calcium release in response to a 
single action potential. In contrast, the e.d.l. twitch was 
larger in diazepam but the time course was barely altered, 
which shows that the size, and not duration, of activation was 
increased. Since the twitch in soleus fibres was potentiated 
by twice the amount of e.d.l. fibres, perhaps both an increased
i n s e r t  oppos/fc?^
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fibres. Parvalbumin has been suggested to be a saturateable 
binding site for calcium (Melzer, Rios & Schneider, 1986). If 
this is true, then the relaxation of the tetanus must be 
dependent on calcium uptake by the sarcoplasmic reticulum, 
since parvalbumin is saturated during calcium release (Melzer, 
Rios & Schneider, 1986). In this case increased tetanus 
relaxation time in diazepam must have been due to block of the 
calcium pump in soleus and e.d.l. fibres. The increase in 
tetanus relaxation time was concentration dependent; relaxation 
time in e.d.l. bundles being more sensitive to diazepam than 
soleus. The greater sensitivity of e.d.l. fibres could be due 
to the greater density of calcium pumps on the sarcoplasmic 
reticulum of fast twitch fibres (Dulhunty, Banyard Sc Medveczky, 
1986; Feihn Sc Peter, 1971; Magrath, Sabiati Sc Mussini, 1970; 
Sreter, 1969), which are more important for the rapid removal 
of calcium at the end of contraction in fast twitch fibres.
4.4.5 SUMMARY
Diazepam is a potent twitch potentiator in mammalian
striated muscle. Alteration of action potentials by diazepam
can not account for the twitch potentiation. Calcium release
must be enhanced by diazepam or calcium uptake reduced. High
concentrations of diazepam occasionally caused contractures,
which support the possibility of the drug enhancing calcium
release or blocking calcium uptake. High concentrations of
diazepam (>400 uM) had a local anaesthetic like action and
blocked single action potentials. With low concentrations
there was use dependent blockade of action potentials during
ar^ oi -Bnisrepetitive stimulation/reduced tetanic tension. Lengthening of 
the tetanus relaxation time in the presence of diazepam in 
e.d.l. and soleus and the longer twitch decay time in soleus 
suggested that the drug was blocking removal of calcium from 
the myoplasm. The similar rise and decay times of the diazepam 
potentiated twitch in e.d.l. muscle to the control twitch can
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most easily be explained if diazepam increased the 
concentrations of calcium made available to the contractile 
proteins during the twitch. The simple explanation for this is 
that blocking of calcium uptake increased free calcium in the 
myoplasm.
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5 CONCLUSIONS
1. The results of this study have demonstrated that the 
properties of activation and steady state inactivation are 
different in fast and slow twitch rat skeletal muscle.
2. T^-treatment after two weeks has different effects on the 
contractile properties of fast and slow twitch muscle. Twitch 
contraction time is shortened in soleus and e.d.l., but the 
twitch fall time is lengthened in e.d.l. muscle and shortened in 
soleus.
3. T^-treatment effects activation and steady state 
inactivation. Soleus muscles activate at more positive 
potentials and inactivate with less depolarisation, while e.d.l. 
muscles requires more positive potential for inactivation and 
less depolarisation for activation. The changes in activation 
and inactivation can not be easily correlated with the changes 
in contractile properties and show that T^-treatment alters 
excitation contraction coupling.
4. Diazepam has different effects on the contractile properties 
of fast and slow twitch muscle. The twitch is potentiated by 
diazepam. The time course of the twitch is lenthened more in 
soleus by the drug than in e.d.l. At high concentrations (>400 
uM) diazepam reduces the twitch after causing potentiation.
5. Diazepam blocks action potentials in a use dependent manner, 
which contributes to the reduction of the tetanus by the drug.
At high concentrations diazepam blocks single action potentials, 
which accounts for the block of the twitch in greater than 400 
uM diazepam.
6. Potassium contractures are potentiated when the 
depolarisation is between -55 mV and -33 mV and are reduced 
slightly with depolarisation more positive of -25 mV.
7. Diazepam alters contractile properties and excitation 
contraction coupling in a manner that is most simply explained 
by a reduction of calcium accumulation by the sarcoplasmic 
reticulum calcium pump.
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